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I. SUMMARY

A digital computer program called the Chebychev Trajectory Optimization
Program (CHEBYTOP) is described. The purpose of‘CHEBYTOP is to pro-
vide an analysis tool that will enable the user to rapidly conduct the
optimization and parametric analysis of interplanetary missions em-
ploying electrically propelled spacecraft, A new analytical and numeri-
cal optimization algorithm, called the Chebychev Optimization Method,

is used. The resulting computer program operates with greater speed

and reliability than other existing methods of comparable accuracy

and versatility. In some cases the operating speed is more than a

factor of ten faster than conventional methods.

The program is specialized to solve for interplanetary trajectories,
with the planets themselves assumed massless. Planetary positions
and velocities are computed in the program from stored orbital ele-
ments. The elements of the nine planets are available, with a tenth
set of elements left for the user to specify. The latter option is
useful when designing such missions as an asteroid probe or an out

of the ecliptic probe. Either rendezvous (matching the planet's
orbital velocity about the sun), flyby (matching only the planet's
position at the terminal time) or excess velocity trajectories may be
obtained. Excess velocity trajectories are those which arrive or de-
part from a massless planet with a specified velocity relative

to the planet.

CHEBYTOP will compute either variable thrust or constrained thrust,
multiple-coast trajectories. Variable thrust answers are computed by
the Chebychev Optimization Method. Thrust-limited results are ob-
tained by a prediction scheme which uses the variable thrust answer

as a basis for approximating multiple-coast results.

The user has an option of specifying the nature of the power source

assumed to drive the electric thrusters. The power can be assumed
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either constant or variable., The variable power option approximates a
solar power source, causing the power to vary as a function of the
radius from the sun. Either power option can be used with either

variable or constrained thrust performance.

The program is self-starting. In-other-words, only those boundary
conditions of immediate concern to the user need be input. Guesses
of undetermined multipliers and control variable state histories are

unnecessary.

Coding was done in FORTRAN IV for the IBM 360 series computers. The

core requirements are 150,000 bytes. No auxiliary tapes are needed.
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II. INTRODUCTION

The development of the Chebychev Trajectory Optimization Program
(CHEBYTOP) was motivated by the neéd for a fast operating and reliable
low-thrust trajectory design tool. The determination of optimum
finite-thrust trajectories in a central force field normally requires
solving a problem in the calculus of variations. Conventional techni-
ques for attacking the problem require large amounts of computer time.
CHEBYTOP makes use of a new analytical and numerical optimization
method, described in Reference 1, called the Chebychev Optimization
Method. Through the use of approximating polynomials the method re-
duces the variational problem to one of ordinary calculus. Computa-
tional speed has been achieved because the method eliminates the need
for time-consuming numerical integration and provides for rapid
computation of the derivatives of the payoff. 1In addition, since the
method was developed with computational efficiency in mind, the
computer program is carefully organized throughout to minimize the

number of operations per iteration.

The solution of the optimum thrust-limited problem is divided into
two steps within CHEBYTOP. Hence the program is composed of two
major sub-programs. The first, VIMODE, solves the unconstrained
continuous-thrust case (Variable Thrust Mode) using the Chebychev
Optimization Method of Reference 1. The second sub-program, TCTPRE,
solves for the constant specific impulse, thrust-limited case, using
the prediction scheme described in Reference 2. The mathematical
details of these two algorithms are not contained in this document.
The Analysis section following presents only the modifications to
References 1 and 2 which are incorporated in CHEBYTOP. Copies of
these references, if not readily available, can be obtained from the

American Institute of Aeronautics and Astronautiecs.

An attempt was made to create a program which would determine an

optimum trajectory given only the required mission design parameters
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and which would consistently achieve accurate convergence. Therefore
CHEBYTOP is constrﬁcted so that it can be used as a subroutine of a
mission analysis master program. Hence, auxiliary parameters, such
as loop counters, convergence criteria, and mesh points, are program
constants. Although CHEBYTOP has proven to be quite reliable, a
section is included under Program Organization called Adjustments and

Modifications which tells the user how to perform minor changes.
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ITTI. ANALYSIS

DEFINITION OF PROBLEM

The two-body equations of motion of an interplanetary vehicle are
y eq P , y

where x = x(t) is the position vector of the vehicle, a = a(t) is

the applied acceleration vector, k is the gravitational constant of
the sun, and r = |[x|. Let p = p(r) be the power level of the power
plant of the vehicle with P, = p(1). Then the basic problem solved is

that of minimizing

Po_

(1) dt

J = fT}alz
0

subject to boundary conditions on x and thrusting constraints on a.

x(0), x(T), and T are always assumed to be fixed. The program has
three options regarding x(o), X(T). They may be fixed (rendezvous)
or vary freely (flyby), or vary over a one or two-dimensional sphere

(fixed hyperbolic excess speeds).

Two acceleration options are available. The acceleration, a, may be
completely unconstrained (variable thrust) or else a may be assmed
to derive from a constant Isp engine with shut down and start up
capability. 1In the latter case we must have

a
la] = =22 5e) , W) = -2 I;Lc(t)
o

(')

P,

Here a is the initial acceleration of the vehicle at 1 au, c the

exhaust velocity, u the relative mass of the vehicle, and
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1 during powered phase

o(t) =
0 during coast

The program solves the variable thrust optimization\problem in exact
fashion; that is except for roundoff and truncation errors (and perhaps
inadequate convergence), the value of J obtained by the program can be
assumed to be the solution of the mathematical problem as posed. The
constant Isp solution, on the other hand, is.achieved using certain
approximations to the original mathematical problem, and therefore

its validity must be ascertained on an empirical basis.

MATHEMATICS OF VARIABLE THRUST SOLUTION

The basic mathematical foundation of this part of the program is
contained in Reference (1). Several modifications to the development
found there are necessary owing to the inclusion of variable power
and polynomial patching capabilities in the program. Hence we shall
assume the user is familiar with the material in Reference (1), and

simply mention modifications here.

It was noted in Reference 1 that for long trajectories it is more
efficient to represent the position vector time history by several
small order polynomials matching position and velocity at junctions
rather than one large order polynomial. This program incorporates

that suggestion and provides for six polynomials of 9th order each.

For the starting solution each polynomial covers the same elapsed time,
however upon obtaining convergence the times are redistributed to
obtain a better representation of the trajectory. J then becomes a

weighted sum of the performance index for each leg,

nl 3

J= 1 2t P,
N i i
i=1

Here T, is the elapsed time for the ith leg and Pi is the performance
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index of the ith leg as defined by Equation (5) in Reference (1).
All differentiation formulas of Reference 1 can be applied separately

to each P,.
i

A redefined interpolation procedure was used in Reference 1 to reduce
execution time computing partial derivatives. This procedure matched
the polynomial derivatives at endpoints rather than interpolating the
second and next to last Chebychev points. The inclusion of solar

power eliminates this savings, however, and Px, Pxx are computed accord-

ing to Equation (29), Reference 1.

The program performs its optimizing iterations using Gauss' method.
A special one dimensional search routine using the secant method

has been included, however, to insure that each iteration yields a
smaller payoff than that of the previous iteration. Gauss' method
seems to find the.proper direction in which to take a step, but
occasionally overshoots the step size. Newton's method is also used,

but confined to situations where tracking is desired.

The secant method behaves as follows. Let f(s) be continuously differ-
entiable on (-0 ,o), Let 5 and Sy be two first guesses to a minimum
Sy of £ on this interval. Then s, may be approximated by the sequence

[Sn] defined recursively by the equation
Sp41 = (5, £7(s) = s £7(s 1))/ (£7(s) = £7(s_4))

The variable thrust algorithm of Reference 1 must be modified to account
for solar power. In particular, equations (16), (17), and (18) of
the reference are affected. Let Q be a column vector with elements

QV = [po/p (r(sv))]l/z. Let AV(m), m = 1,..,nd be a set of column

vectors defined by

AV(m) = A 1BAX(m) + Y(m)
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(Note that AV(m)/—L-2 is the variable thrust acceleration vector). Now

let G(m), m = 1,..,nd be a set of column vectors defined by

G(m) = QA*] (m)

¢m)"’ = Q" Av(m)"

Then (16) becomes
nd T
P=1/2 © G(m) F G(m)
m=1

Setting R{(m) = FG(m), (17) and (18) become respectively

Px (1) = ¥ Gx (m,1)° R(m
n=1
nd T T
Pxx(i,j) = ¥ Gx(m,i)” FGx(m,j) + R{m) Gxx(m,i,j)
m=1

Setting H(i,j) = ¥x(i,j) + Qiéi)- AV(i) and S(m) = QR(m), we obtain

-1 T nd
Px(i) = (A "BA)Y ' S(1) + = H(m,i) S(m)
n=1

Pxx (i,1) = (A~TBA)T QTFQ(a~lBA) 5.4
+ eyt ofrauci, i)

+ 1,07 o'rq a4 BA)

nd T
+ I H(m,i) Q FQH(m,j)
m=1

+ R(m)T Gxx(m,1i,3)
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The last term is rather complicated. For Gauss' method it is neglected.
For Newton's method we set Gxx(m,i,j) = QY¥xx(m,i,j) which is exact
in the case of constant power but slightly inaccurate in the case of

variable power.

MATHEMATICS OF CONSTANT ISP SOLUTION

The basic mathematics of the program's constant Isp prediction scheme

are contained in Reference 2. Only the first side condition has been

employed in the present program.

The scheme has been modified to include a solar power option. One more
assumption has been made in this case, namely that the power level time
history is roughly the same for both the variable and constant Isp modes.
Then the modification reduces to a simple transformation of variables,

as described below.

Let p(t) be the power time history as determined by the variable thrust
program. With the above assumption Equations (6) and (7) of Reference 2

become respectively
t
1 P
AT = f la ’2—0-— dt
t c

p(t)
o]

t f%
e PN la | == at - Jv
¢ %y

0= . p(t)
o
_ 2 p®) : % p()
where Iacl = 5725 P, o(t) a?d H(t) = - = b, o(t)

Here ao is the initial acceleration the vehicle would have at a radius

P
= gul o N
of 1 au. Now set hv(t) av(t) (p(t))

- Po ey = st R(E)
and hc(t) = ac(t) (P(t)), and T(t) = é P, dt,

The above equations now become
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T
p3= st Izd'r
To c
1
0= J ]hcl |h |dt - J
o
2
lhcl = Irzr) o(t)
a
e _ _ .o
dt c o (1)
where T, = T(to) and T = T(tl)

These equations are identical to the previous ones except for a change

in variable names, and a solution may be obtained with precisely the same

algorithm,

10
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IV. PROGRAM ORGANIZATION

INPUT

The program is intended to operate as a subroutine of a more general
mission analysis main program. The form of the input subroutine,
therefore, is left to the user. Variable thrust answers are obtained
by calling the VIMODE subroutine and thrust limited answers by follow-
ing CALL VTMODE with a call of the prediction subroutine, TCIPRE.
Perhaps the simplest mode of program operation is to compile a MAIN
program which contains one or more calls of subroutine VIMODE and
TCTPRE. The sample cases included in Appendix C use this form of

input.

Variable Thrust Input

The call 1list to VIMODE to produce a variable thrust trajectory

is as follows:

CALL VIMODE (NC,NR,NP1,NP2,NB1,NB2,D1,D2,HV1,HV2,NPOW,NA,NT)

The arguments of the subroutine are:

NC is the number of dimensions(2 or 3), except for out-of-
the ecliptic-probes or similar missions which require
a three~dimensional starting trajectory, in which case
set NC = 1.

NR is the number of full revolutions around the sun (NR = 0

for travel angles less than 3600, NR < 3, see Limitations)

NP1  is the number of the departure planet, and varies from 1

for Mercury to 9 for Pluto*

* A tenth planet number is available in subroutine EPHEM so that the
user can assign an additional set of orbital elements (see sample
cases), however the eccentricity of the additional orbit should
be kept less than .5 (see Limitations).

11
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NP2 is the analagous number of the arrival planet

NB1 indicates the initial constraint on excess 0 for flyby

velocity 1 for fixed ex-
cess velocity
NB2 indicates the final constraint on excess 2 for rendezvous
velocity
D1 is the Julian date of departure (7 significant figures,

floating point)

D2 is the Julian date of arrival (7 significant figures,

floating point)

HV1 is the initial hyperbolic excess velocity relative to

the departure planet (if NB1 = 1) in km/sec.

HV2 is the final hyperbolic excess velocity relative to the
arrival planet (if NB2 = 1) in km/sec.

NPOW indicates the type of power supply 0 for constant

et

for variable

NA is a control on the accuracy of the 0 for approximate

. . . solution
acceleration time history

1 for more accurate
acceleration time

history
NT is a control which allows tracking 0 no tracking, uses
. . standard starting

from a previously computed trajectory solution

1 tracking

Constant Thrust Input

The call list to TCTPRE to predict a constant thrust trajectory is
CALL TCTPRE(TW,SI)
The arguments of the subroutine are as follows:

W is the initial#* thrust to weight ratio (dimensionless)

* In the case of variable power, TW is relative to thrust level at
1 a.u.

12
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ST is the specific impulse in seconds

The following are available as output of the two subroutines through the
common block /BDYP/:

BDY is a 3 x 3 x 2 array containing the vectors (x, a, a) at each
endpoint (e.g., BDY (M,2,1) = a(M), M = 1,3). BDY is

computed for the variable thrust solution only.

. . T 2 Po 2, 3
PV is the variable thrust value of 6 |a| ;—-dt in au “/yr.

PC is its constant thrust equivalent.

The values of & are somewhat suspect. The dimensions of these quantities

are astronomical units and years.

For example a MAIN program to compute an 800 day Jupiter flyby using

solar power is given below.

COMMON/BDYP/BDY (3, 3,2) ,PV,PC

CALL VTMODE(3,0,3,5,2,0,2444140.,2444940,0.,0.,1,0,0)
CALL TCTPRE(.0000800,5000.)

STOP

END

This trajectory is one of the sample cases given in Appendix C.

Comments on Input Constant Selection

The program is specialized to compute trajectories between the planets.
It therefore takes advantage of the low orbital inclinations (relative

to the ecliptic plane) by solving each trajectory in two dimensions, then
adding the third dimension, if desired, in a final iteration. 1In cases
where orbital inclinations are large, such as for out-of-the-ecliptic

probes, it may be necessary to perform all iterations in three

13
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dimensions, including the computation of the starting solution. Setting
NC = 1 causes the starting solution to be computed in three dimensions
and all subsequent iterations also. This option obviously increases

run times significantly, so should not be used for standard inter-

planetary transfers.

It is necessary to anticipate the in-plane transfer angle desired.
There may exist local optimum solutions for each multiple of one revolu-
tion about the sun., Normally the global optimum has the maximum number
of revolutions consistent with a smooth transition between the energy
levels of the beginning and final orbits. For NT = O the built-in
starting solution fits a smooth, usually monotonic, curve through'the
endpoints, with the number of solar revolutions specified by NR in the
call list. Subsequent iterations will not change this basic revolution
number., The usef is advised to either refer to planetary ephermerides,
or to carefully compare input Julian dates with those of similar so-
lutions he already has on hand, to avoid slip ups in setting the
revolution counter, NR., If the tracking option (NT = 1) is used the
counter NR becomes irrelevant. The travel angle will vary con-
tinuously with D1 and D2 (assuming changes in these dates are suffi-
ciently small). When tracking, all elements of the call list may
change. However, the user should track so that the position vector
time histories of successive trajectories are close. Otherwise some
trajectories might take longer to obtain by tracking from a previous
solution than by using the built in starting procedure. It is best

to be on the conservative side when choosing a tracking step.

Trajectories with specified hyperbolic excess speeds and having travel
angles greater than 360° are generally more difficult to obtain from
scratch than corresponding trajectories with remdezvous (or fiyby)
boundary conditions. Therefore it is often more efficient to obtain

a rendezvous solution with NT = 0 and then track hyperbolic speeds
upwards with NT = 1, Finally, the user should always remember to obtain

a trajectory with NT = 0 before setting NT = 1.

14
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The nature of the boundary conditions must be input through NBl and
NB2. If these constants are set equal to either 0 or 2 any values
input for HV1 and HV2 will be ignored. Similarly, if a rendezvous re-
sult is called for, it is not sufficient to merely set HV1 or HV2

equal to zero. The settings on NBl and NB2 tell ihe program to let

the direction of the excess velocity be free, to optimize the direction
of the excess velocity for minimum payoff, or to skip all consideration

of excess velocity.

The Julian day numbers, D1 and D2, are limited to seven significant
figures plus the decimal point. Therefore fractions of days, if input,
will be ignored by the IBM 360. The excess velocities HV1 and HV2

are similarly limited.

Before using the variable power option, NPOW = 1, the user should
note the form of the power profile in subroutine POWER. This profile
was taken from Reference 3. The procedure for altering this profile

is discussed in the following section.

The accuracy control, NA, has a very slight influence on the value of
the payoff, for either variable thrust solutions (from VIMODE) or
thrust limited solutions (from TCTPRE). It can, however, influence
the accuracy of the thrust-acceleration time history. When NA is set
equal to zero the convergence criterion is payoff improvement only,
When NA = 1, after the payoff convergence criterion is satisfied, an
additional test is performed on the acceleration time history. Ex-
perience has shown that a smooth acceleration profile is the most
reliable indicator of the true optimum. Since the longer and more
difficult trajectories will require multiple polynomials (as dis~
cussed in Section IT Analysis) an excellent smoothness test is to
look for acceleration discontinuities at the patch points. If these
discontinuities exceed a specified amount one additional polynomial
is added and more iterations are performed until the payoff conver-
gence criterion is again met. The number of polynomials is increased

again, but cannot exceed a total of six.

15
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To reiterate: for preliminary design work and exploratory studies of
mission feasibility and launch errors, the approximate mode (NA = 0)
should be adequate, since the user can expect reliable payoff trends.
The approximate mode may, if the acéeleration profile is badly behaved,
1) result in extraneous thrust or coast periods when the prediction
scheme (TCTPRE) is called, 2) slow down convergence in some cases in-
volving large excess velocities at the boundaries, and 3) result in

inaccurate values of the output array BDY.

Note that, in the case of solar power, the initial thrust to weight
ratio should be input at the level corresponding to 1 au from the

sun, even though a trajectory may not start from the earth, The

ratio of the power at any given radius to the power at 1 au is includ-
ed in the acceleration relationships (see Analysis). Thus thrust

to weight adjustments due to radius from the sun are made auto-

matically.

OUTPUT

Two forms of variable thrust output are provided by the program; a
short form and a longer more detailed form. The short form is printed
automatically with every call of VIMODE. Samples of both forms are

given in Appendix C.

The long form is obtained by calling subroutine OUTCAL after each call
of VIMODE for which the long form is desired. For instance Jupiter
solar-electric flyby mission is input as follows for the long form

output:
COMMON/BDYP/BDY (3,3,2),PV,PC
CALL VIMODE(3,0,3,5,20,2444140.,2444940.,0.,0.,1,0,0)
CALL OUTCAL
CALL TCTPRE(.0000800,5000.)
STOP

END

16
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Note that subroutine OUTCAL has no call list.
A call of TCTPRE also produces an automatic output, as shown in
Appendix C, consisting of the input parameters and a listing of startup
and shutoff times for the predicted constant thrust trajectory.
The following is a dictionary of output terms:

JV the performance index mz/sec3

EXCESS VELOCITY AT DEPARTURE in km/sec

EXCESS VELOCITY AT ARRIVAL in km/sec

TIME tabulated at 26 equally spaced points in DAYS

X,Y,Z heliocentric ecliptic cartesian coordinates of 1950.0
in au's

R distance of spacecraft from the sun in au's

THETA vehicle heliocentric longitude measured in the

ecliptic plane from the positive X-axis in DEGREES

PHI vehicle heliocentric latitude measured from the

ecliptic plane in DEGREES

AX,AY, components of the thrust acceleration parallel to the

Az position coordinates in au/yr2
MAG.A the magnitude of the thrust acceleration vectar in au/yr2
JC the predicted constant thrust performance index
. 2 3
in m"/sec
P/Po power level relative to that at 1 au

ADJUSTMENTS AND MODIFICATIONS

Two program modules may be replaced by the user to change the mathematical
model., The first module is subroutine EPHEM. The second consists of
subroutines POWER and DPOWER. Subroutine EPHEM constructs position and

velocity vectors for any of the planets as a function of an input argument

17
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(the Julian Date). As delivered, it obtains the position and velocity
vectors from conic elements using a Kepler's equation solution good for
small eccentricities only. Subroutines POWER and DPOWER are function
subroutines ‘which specify the power level and the- first derivative

of the power level, respectively, as a function of solar radial dis-
tance. The only restriction on the replacement of these modules is
that the CALL lists must be unchanged. The quantity DELTA in VIMODE
determines when convergence to an optimum trajectory has been achieved.
(The definition of DELTA is given in Appendix A). For long, highly
nonlinear trajectories an optimization process could conceivably
terminate before the optimum trajectory is reached. In this case the
relative change in payoff between two successive iterations will
accidentally be less than DELTA. Therefore DELTA in Statement 22,

must be made smaller.

NIT is the maximum number of iterations allowed for achieving an
optimum in section 2 of VIMODE. NIT is varied automatically depending
on the difficulty of trajectory. It is possible that the nominal values
assigned to NIT are insufficient for extremely difficult trajectories,

in which case these values should be increased.

There is no question of convergence in using the constant thrust pre-
diction scheme. However, in the interest of increasing the speed of
operation, or increasing the accuracy of approximation, the number of
mesh points and the number of iterations may be changed. The number

of mesh points is the variable NNN in subroutine TCTPRE. This number
must be odd and not greater than 301 (unless the dimension statements
in COMMON block AXXPX/are also increased in subroutine TCTPRE and
RESCAL). The number of iterations in the solution is controlled by

the variable NSTEP in subroutine ROOTR. The accuracy level is approxi-

mately 2#%*(~NSTEP). NSTEP is nominally equal to 14.

SUBROUTINE DESCRIPTIONS

This contains brief descriptions of the program subroutines. They are

18
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arranged in almost alphabetical order, with the two principle routines
VIMODE and TCTPRE appearing first. The index below is in alphabetical
listing giving page locations.

INDEX OF SUBROUTINES

Subroutine Page Subroutine Page
ALIGN 27 OUTPT1 36
AMAP * 37 OUTPUT 36
AVTEST 28 OUTTOO 36
CONST 28 PATCH 36
DDERLV 40 PAYOFF 37
DERIV 29 PDERIV 37
DPOWER * 38 PMAP * 37
EPHEM 29 POLEVL 37
FIXUP 31 POWER * 38
HAD 31 REDIST 38
INTRDN 32 RESCAL 39
INTRUP 32 ROOTR 39
INVINT 32 SEARCH 40
KROOT 32 SECANT * 40
MODIFY 33 SQROOT 41
MODLEG 34 START 42
MULT1 34 STARTF * 42
MULT2 34 TCTPRE 25
MULT3 34 TSHIFT 43
MULT4 34 VCAL 43
MULT7 35 'VIMODE 20
MULT8 35 WYDER 44
MULT9 35
OUTCAL 35

* These are function subprograms.

19
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VIMODE is the control subroutine of the variable thrust
portion of the program. All the iteration logic is con-
tained in VIMODE as well as the calculations for many of
the outputs. The call list is discussed under INPUT.

The program can be divided into four sections. The first
extends to statement 15, the second from 15 to 99, the
third from 99 to 940, and the fourth from 940 on. Each

section is flow charted separately.

Section 1: This section has two functions. The first
is to initialize control parameters and other
quantities used in the succeeding steps. The
second is to call subroutines which calculate
preliminary data. CONST is called to calculate
matrices of constants filling the common blocks
CONS1, CONS2. EPHEM is called to determine
the state of the launch and arrival planets, and
finally START is called to determine a

starting trajectory or tracking parameters.

Section 2: This section performs Gauss (NO = 2) or
Newton (NO = 3) iterations on the position

vector X.

ALIGN is called to line up the boundary values
of X for each leg, and then the payoff is
evaluated in PAYOFF., 1If the payoff on any
iteration is larger than a previous iteration,
Newton or Gauss has taken too large a step and
SEARCH is called to determine an optimal step
size. If on any given iteration the percentage
change in payoff is less than the prespecified
amount DELTA, convergence is assumed and an

exit from the loop is executed. Otherwise,

20
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SUBROUTINE - VTMODE

SECTION I

VTMODE

INITIALIZE

STATEMENT
NUMBER =

21
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SUBROUTINE VTMODE ( CONT.)

(2 MULT 1

SECTION II

AL1GN
MODIFY
PAYOFF No
FIXUP
=
INCREASE
20

YES SQROOT

SEARCH
- PATCH

—s= PDERIV

CONVERGENCE

22

22



D2-121308-1

SUBROUTINE VTMODE (CONT.)

SECTION 1III

YES
200

TSHIFT

750
NO

AVTEST

FINAL
DIMENSIONS

TSHIFT

®

23
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SUBROUTINE VTMODE ( CONT.)

SECTION IV

YES WRITE
FAILURE "
’ DIAGNOSTIC
940 L__

NO

OUTPUT

RETURN

24
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Section 3:

Section 4:
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PDERIV is then called to calculate the first
and (pseudo) second order partial derivatives
of the payoff. PATCH modifiés:thése partials
to enable optimizing of hyperbolic excess
velocity angles and to .account for patching

of each leg of the trajectory.

SQROOT solves the set of linear equations
arising from the application of Gauss' or
Newton's method. (Note that the solution is
loaded in the input array PX). In the event
SQROOT encounters a negative square root

FIXUP is called to appropriately modify the
coefficient matrix (PXX) and SQROOT is called
again. MODIFY takes the solution delivered by
SQROOT and converts it to actual changes in the
trajectory parameters, most of which are loaded
into the array DX. Thé old trajectory (X)

is then incremented by DX in MULTI.

This section performs two tasks. It shifts
the trajectory patch times to achieve a better
payoff and smoother acceleration magnitude
time history. It converts from two to three
dimensions (if NC = 3).

This section computes output arrays to be

used in MAIN, OUTCAL, and PMAP and AMAP.

This is the control program for prediction of the thrust

intervals which will give a constant thrust trajectory

approximating an optimal variable thrust trajectory. A
flow chart follows. The call list is (TW, SI) where:

™

is the initial thrust to weight ratio of

the engine at 1 au.
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SUBROUTINE TCTPRE

RESCAL

AMAP

OUTTDO

- INVINT

NO

PRINT
MISSION
IMPOSSIBLE

Crenwri )

THRUST

EVEL TOO
LOW
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SI is the specific’ impulse of the engine in

geconds.

It uses the following squrogréms in given order to

construct the constant thrust trajectory

PMAP to tabulate power used as a function of

time

RESCAL  to construct time intervals during which

equal amounts of energy are consumed

AMAP to tabulate the optimal variable thrust

acceleration at these time points

ROOTR to solve the functional equations which

determine the thrust intervals.

INVINT to map back from the constant power con-
sumption intervals to corresponding time

points

OUTTOO to print the results in a readable format

Subroutines PMAP and AMAP use results stored in COMMON
by subroutine VIMODE, hence TCTPRE operates on data
stored by the most recent call VIMODE.

In the case of multiple calls, TCTPRE will bypass those
calculations which need not be repeated by checking
variables set in COMMON.

ALIGN: ALIGN serves two functions. It constructs the boundary
elements of the vector X from the planet ephemerides
(Vl, VZ)’ specified hyperbolic‘excess speeds (Hl, H2),

and calculated excess velocity directions (VR).

. It then'matches position and velocity at the patch.

points. 'This is equivalent to matching the last elements .
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CONST :
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of X in one leg to the first elements in the next,
weighting the derivatives appropriately to account for

the difference in leg times.

The purpose of AVTEST is to examine a converged tra-
jectory for smoothness of acceleration and add legs if
necessary. Generally START will assign enough legs for
adequate payoff convergence, however there may be jump
discontinuities in the acceleration magnitude time
histories at patch points. The necessary conditions of
the variable thrust optimization problem imply a smooth
acceleration time history - but only in an idealized
mathematical formulation. For the purpose of calcu-
lation the trajectory must be discretized and if the dis-~
cretization is not fine enough it is quite likely that
a lower payoff can be achieved with a discontinuity

in acceleration at points where the acceleration is not

forced to be continuous.

If the original ﬁumber of legs is greater than one,
AVTEST will add a leg when at some patch point the ratio
of a jump to the minimum value on either side is greater
than .1. If the original number of legs is one,

AVTEST will simply add one leg.

CONST computes the matrices of constants describing
Chebychev interpolation, differentiation, and inte~
gration. These matrices compose the common blocks
CONS1 and CONS2,

The order of the Chebychev fit (NP) is brought in through
the call list. During any given rﬁn the operations

up to statement 59 are performed only once. However,

in the variable power mode the matrices D, E, F are

destroyed by the subroutine DERIV so that they need
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to be recalculated in the case of constant power. For
this purpose a flag NCON is also brought in through
the call list. ‘ :

This subroutine calculates the first and second partial
derivatives of each leg in accordance with the formulas
of the section on mathematics of the variable thrust

program.

The part of the routine from statement 89 to 99 performs
the matrix multiplications implied by Equation (29)

of Reference 1.

EPHEM is the subroutine which determines the heliocentric

cartesian components of position and velocity of the
planets. Inputs are the Julian date D and planet
number N (1 for Mercury to 9 for Pluto). The output is
the vector V whose first three components are the

X, ¥s 2 coordinates of the planet and last three com-

ponents are %X, ¥, 2. The units are au and yr.

The matrix E contains the orbital elements of the

planets as follows:

E(1,N) = semi major axis (au)

E(2,N) = eccentricity

E(3,N) = inclination to the ecliptic (radians)
E(4,N) = longitude of the ascending node (radians)
E(5,N) = longitude of perihelion (radians)

E(6,N) = mean longitude of epoch (radians)

As originally delivered the program contains the planetary

elements given in Table 1.
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The DO LOOP 1 solves Kepler;s equation assuming small
eccentricity (less than about .5) and the remainder of
the routine converts the conic coordinates to cartesian

coordinates.

A provision has been made for a tenth body. One simply
replaces the elements in the last continuation card of the
DATA statement for E with desired elements. If the
eccentricity of the orbit of this body is too high the
solution of Kepler's equation will not converge. There-
fore the user should associate a number greater than 10
with the body and replace EPHEM with his own subroutines
for highly eccentric orbits.

FIXUP is called when SQROOT encounters a negative square
root, i.e. when Pxx is not positive definite. This can
occur only when NO = 3 (i.e. Newton's method is being
employed) or NH = 3 (i.e. hyperbolic excess speeds are
specified and second order derivatives of VR are being

used in the calculation of Pxx).

The function of FIXUP is to reconstruct the Pxx and Px
matrices. In the latter case they are reconstructed

exactly as delivered by PDERIV. In the former case Pxx
is modified by subtracting the term which distinguishes

Newton's method from Gauss' method.

Basically reconstruction is possible without going through
DERIV again because Pxx is symmetric. and the elements above
the main diagonal are never destroyed. Thus it is merely

necessary to store the elements along the main diagonal.

This subroutine is called from DDERIV and is only used
when hyperbolic excess speeds are specified. The function

of HAD is to modify the position vector and its second
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derivative to account for change in pointing angles of
hyperbolic excess velocity during the one-dimensional
search. 1In effect, HAD is a combination of MULT3 and
MULT4 in case the input vector has zeros for all but the
2nd and NP-1 elements.

INVINT: This routine interpolates a tabulated function defined

> Nil’ Nfl,..,g:i} for a 30 element set of

arguments. Linear interpolation is used. The call list
is (S5, F, N)

on the set {0

S dis an array of length 30. On input it contains
the arguments to be interplated. On termination

it contains the corresponding dependent variables.

F 1is an array of length N. It contains the value
of the dependent variable tabulated at eQual

intervals in its argument.

N 1is the size of the array F.

KROOT, These subprograms evaluate the function o(t) defined
%ﬁggﬁg: implicitly as follows
a(t) = {l K(e) >0
0 K(t) < O
m(t) =1 -8 st a(s) ds
S o
a (t) cB_ o(s)
oy - _Llpe_o -
R(t) = (o) p; i) > av(s) ds - K
: 1 o m(s) :

The program assumes all the above functions are defined
on the closed interval [0,1] and that the function av(ti)

is tabulated at equal length subintervals.

On each subinterval the program evaluates K(t) as if
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o(t) were constant. When K(t) is discovered to have
changed sigh,subrbutine,INTRDN'or INTRUP‘is called to
interpolate for the switch point‘and,adjust accordingly
the value of K(t).

In addition the program evaluates the auxilliary function

cBoo(t)

m(e) dt

t
Ji = fo av(t)

The program returns the array TSW which is the tabulation
of the switching times starting with the first 'switch
off".

If o(0) =0, TSW() =0

The call list is (AV,NAV,C,BZ,K,JI,TSW) where the first

five elements are inputs and the next two elements are

output.
AV is the array av(ti) i=1, 2,..., NAV
NAV is the number of elements in the array AV.

Cc,BZ, are the constants ¢, Bo’ K appearing in

K the above equations.
JI is the function previously defined as Ji
TSW is the output array of length 30 tabulating

each time that o(t) changes its value.

Note: If o(t) switches more than 30 times the subroutine

will abort.

MODIFY takes the solution of the SQROOT subroutine (PX)
and extracts quantities determining the actual change in

the position vector (X). 1In the case of fixed hyperbolic
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D2-121308-1

excess speeds the first and/or last few elements of PX
are the changes in the pointing angles of the excess
velocities'(DALl,DALZ). The remaining elements constitute
direct changes in the X vector itself and are loaded into

the wvector DX.

The primary input to MODLEG is a time S between 0O and
the trip time (TT). MODLEG then determines to which
leg this time corresponds (LN) and what fraction of
the total time of the leg has elapsed up to this time,
S is then replaced by the latter quantity.

A trivial subroutine which adds two matrices.
A trivial subroutine which multiplies two matrices.

The purpose of this subroutine is to convert back and
forth between two different vector representations of the
trajectory. Internally the program uses vectors
containing the position of the vehicle evaluated at
Chebychev points. However the boundary conditions and
continuity conditions at patch points require the
knowledge of the derivative of position with respect
to time at endpoints. The construction of a modified
position vector for this purpose is discussed in
Reference 1. then MULT3 is called with V as its first
argument it is converting the modified vector to an

unmodified one. Vice versa when called with U.

This subroutine performs the matrix multiplication
implied by the equation
2

Y@m) = I UCK)TAK)UCK)X(m) = 1,..,nd
k=1
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if L=1, or
2 T T.. .
Y(m) =%  Uk)"AK) UK X(m) m=1,..,nd
k=l
if L=2

(See Reference 1 for interpretation).

MULT7: This subroutine performs the matrix multiplication
implied by the equation

C(k) = A(k) TB(k) k=1,2

If NS is 2, C(k) is assumed to be symmetric and some

savings result.

MULT8: This subroutine performs the matrix multiplication implied

by the equation

)T (-0 a0 ,a200 D)
=1

w
I
w™MN

If NS is 2, B is assumed to be symmetric and some savings

result. See Reference 1 for definitions of U and T.

MULT9: This subroutine performs the matrix multiplication
implied by the equation

2
c= 3z uw?t alu) B
=1

If NS is 2, C is assumed to be symmetric and some

savings reult.

OUTCAL: OUTCAL computes quantities related to the trajectory at
26 equally spaced times and stores them in the matrix B

for delivery to OUTPUT.
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PATCH:

D2-121308~1

OUTCAL has no call list, all inputs are transferred from
VIMODE through common blocks. The vectors, WV, XV, AV
are approximately the coefficients of the polynomials
representing the power level, position vector, and
acceleration vector respectively. -Thus it is necessary
to use the subroutines MODLEG and POLEVL to evaluate

these quantities at the desired times.

This routine prints a 4 line trajectory summary, de-
limiting each summary with a line of asterisks. Appendix

C contains a typical trajectory summary.

This subroutine prints out a one page summary of the
variable thrust optimal trajectory. All the parameters
appear in the call list. See Appendix C for a sample

output.

This subroutine displays the results of the thrust-
limited predicted performance in the format shown in

Appendix C.

PATCH has two functions. 1In the first section it modifies
the derivative matrices for the first and last legs in
case hyperbolic excess velocity directions are to be
optimized, The derivatives of P with respect to X

at the endpoints are replaced by the derivatives of P

with respect to a and 8 (See Reference 1).

In the second portion of the subroutine the derivatives
are patched together at junction points. The payoff
J is of the form

NL

T 2T3(LN)P. . (X)
LN=1 LN

J

‘where P is the payoff corresponding to the LN leg.

LN

PLN depends only on the4LN leg of the vector X. Thus the
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derivatives of J with respect to any given element of X
can be calculated by differentiating just one function
PLN -= unless that element happens to. be one of the last
two elements of a leg. Then the succeeding P also depends
on this element. PATCH adds the two components of the

derivative together to form the total derivative of J.

PAYOFF: The primary purpose of PAYOFF is to call WYDER for each
leg of the trajectory. The payoff for each leg as
calculated by WYDER is then weighted and accumulated to
form the total payoff for the mission. (See section on

mathematics of variable thrust program).

To save storage most of the quantities calculated by
WYDER are temporarily stored in the matrix of second

paftials, Pxx.

PDERIV: The only purpose of PDERIV is to call DERIV for each
leg of the trajectory. Most of the inputs to DERIV have
already been calculated by WYDER in PAYOFF and DDERIV.

PMAP, AMAP: PMAP and AMAP provide TCTPRE with the wvariable thrust
power level and acceleration magnitude respectively
at time H. The vectors necessary to calculate these
values are obtained from VIMODE through the common
block OUT.

MODLEG is called to refer H to the proper leg and
POLEVL is then used to evaluate the power level and

acceleration polynomials.

POLEVL: Roughly, POLEVL evaluates a polynomial with coefficients
Y at a point S. The result is stéred in G. The
routine is capable of evaluating three polynomials at a time,
since the position and acceleration vectors of the.

trajectory have three cartesian components.
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Actually the polynomial must be a weighed sum of
Chebychev polynomials, and Y is 'a certain combination
of the weights. To be more precise, this routine eval-

uates f(s) in equation (22) of Reference 1, with

2 T
Y=1¢ U(k) "A(k)U(k)F
k=

1
~ 2 T
ice. B(s) = 1 T(k;8) U(K)Y
k=1

POWER: The only argument of this subroutine is heliocentric
radius R in au. The purpose of the routine is to
calculate the power level of the powerplant at radius
R. This power level is relative to that at one au,
i.e., POWER (1) = 1. Note that all quantities in this sub-

routine are double precision.

The nominal power profile is as follows:

2,835 _ LB ey, g5
POWER(R) = R R™’
1.329 , if R < .652
DPOWER: This subroutine calculates the derivative of the power

level with respect to R as computed in POWER above.
(This implies that the power profile must be a different
table function of R. In the nominal case

_ 3.65 4.5625

+ , if R > .652
DPOWER(R) = R’ R>*>
0 ~, if R < .652
REDIST: This subroutine takes the new patch times calculated

by TSHIFT and redistributes the legs of the trajectory

to fit these times, The redistribution is done by
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evaluating the old position vector polynomial at the new

Chebychev points of eaéh 1ég.

The patch time dependent quantities T2, T3, and TP

are also evaluated anew.

This subprogram solves the differential equation:

i p(t)

tabulating the solution:

£, = g(ri)

Where i = 0,1,2..,N, p(t;) > 0, N ¢ 301

The call 1list is CALL RESCAL (P,G,N,S)

P is the input array P(ti) tabulated at equal

intervals in t.

G is the output array g(ri) tabulated at

equal intervals in 7.

N is the number of points in the array P and G.

1
S is £> pdt assuming t,) =0, ty = 1

Simpson's Rule is applied to tabulated t as a function
of t. Then linear interpolation is used to get t = g(t).

at equal intervals:

This subprogram uses subroutine KROOT to iterate the
solution of the equations defined in KROOT to satisfy

the constraint Jv - Ji =-0 where:
3= |a |? at defined by VIMODE
o W o V. : -

I, = quavlfacldqsdefined by KROOT
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since Ji is a montone function of K (one of the arguments
of KROOT) an interval halving method is used to satisfy

the constraint to single precision accuracy.

Before beginning the iteration the routine tests to see
if a solution is feasible (the continuous thrust case)

and if so, puts upper and lower limits on K.

The call list is:

(AV,NAV,C,BZ,TSW,LGF)

AV is the array av(ti) i=1,2,...,NAV
NAV is the number of elements in the array AV
'C, BZ are constants passed on to KROOT

TSW is the output array of length 30, tabulating

each time that the constant thrust switches value.

LGF is the error indicator signifying when a
<
mission is impossible even with continuous

thrust.

SEARCH is called if some iteration produces a distinctly
higher payoff than the previous one; that is if P(X) >
P(X~DX). We know that P must initially decrease in the
direction DX since the positive definite characters of
Pxx implies that Gauss' method is stable. Therefore for

some RO £€(1,0),P (X+RODX) must have a minimum.

SECANT actually provdes the logic for finding that value of
RO. The first and second guesses by SECANT are RO = 0 and
RO = -,5, All subsequent estimates are obtained using

the formula of the secant method (see Mathematics of -

Variable Thrust Solution). SECANT stops the search when
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the percentage change in payoff and absolute value
of the directional derivative are below Specified

tolerances, or else twenty iterations have been taken.

DDERIV calculates the payoff (P) and derivative of the
payoff in the direction DX (PRO) for each value of RO
delivered by SECANT. (A slight modification is made
by the subroutine HAD if pointing angles of hyperbolic

excess velocities are involved).

SQROOT : SQROOT solves the equation AX = B for X, on the assump-
tion that A is symmetric and positive definite. The
technique used is the square root method (see Reference 1).
In our case A is the matrix of (pseudo) second partial
derivatives of J. Because of the division of the

trajectory into legs this matrix has the following form:

o

o .

The coupling occurs only in subspaces corresponding

to the elements of X common to two legs, i.e., position
and velocity at patch points. By taking advantage of

the structure of this matrix the square root process

is essentially reduced to taking the square root of

each block. At the beginning of the subroutine IND is

set equal to 3. Upon successful completion of the routine

IND is-set equal to 2. If the routine encounters a

negative square root (only possible when NO = 3 or
NH = 3, and the matrix is not positive definite) a return

is executed with IND still 3 -~ gignaling failure.
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START has two functions. The first is to choose the number
of legs (NL) necessary for adeqﬁate definition of the
trajectory. The choice depends on the travel angle (Q)

and percent: change of radius (DR) between the launch and
arrival planets. - Each leg 'is then aséigned an equal

portion of the trip time (TT).

The second function is to construct a starting trajectory
matching the boundary conditions of the planets. In
order to facilitate calculations the starting trajectory
is constructed in spherical coordinates and then converted
to cartesian coordinates. The starting trajectory itself
is basically a spiral (always directed counterclockwise
relative to the ecliptic unless one of the planets is
retrograde). The precise nature of the spiral is deter-

mined by the function subroutine STARTF.

STARTF evaluates a function £(s) defined on [0,1]. This
function is continuously differentiable and has the
following properties: £(0) = 0, £(1) =1, £'(0) = DZ,
f'(1) = D1. 1In addition £'(s) > 0, if DZ > 0 and D1 > O.
The first four properties insure that the starting tra-
jectory boundary conditions match those of the terminal
planets. The last condition insures that the starting
trajectory is positively oriented if neither planet is

retrograde. The call list is (DZ,D1,S) where:

DZ is £' (o)
D1 is £'(1)
S is any number in the interval [0,1]

The procedure is as follows:

if  DZ + D1 > 2
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£(8) = [(]—’—1—;-9-2-)' s? + (0z)s] B + g(8) + h(S)
where ’
2 [
B = Gzpn/ A +Y1 - 57351 )
0 S < 1-B
g(s) =
Dl ,1-B 2
> (—]-3-') (S+B-1) s> 1-B
' DZ s
h(s) = 5 (1—B)S(2~§) S <B
4
%5 (1-B) B Sz B

and if DZ + D1 < 2

£(S)

S(DZ + S(3 - 2DZ - D1 + S(DZ + D1-2)))

This subroutine computes the longitude of the trajectory
as a function of time. It then divides the trajectory
into NLP arcs of equal longitude and determines the
elapsed time for each arc. These times are fed into
REDIST, which redistributes the legs of the trajectory

accordingly.

The input to this subprogram is a vector VR(m), M= 1,..,ND
representing the direction of the relative velocity between
the vehicle and planet at launch or arrival, VCAL
normalizes the magnitude of this vector to 1 and then
computes its first and second order partial derivatives

(VRA and VRAA respectively) with respect to heliocentric

longitude and latitude.
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WYDER is called for each leg of the trajectory. It has
several tasks. First it calculates the payoff (P) for
the leg. Secondly it constructs the acceleration vector
vector (AV) and the power vector (W{), and thirdly it
calculates quantities which are used in DERIV (B,Q,G,H).

The quantity G is calculated only if NO = 3, i.e,

Newton's method is being employed.
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V. PROGRAM LIMITATIONS

Trajectories should not be attemptéd which require more than three
revolutions about the sun. As the in-plane transfer angle increases
the rate of convergence generally decreases. In cases of very slow
convergence the program's automatic convergence criteria may mistakenly
decide the optimum has been reached, cease iterating and provide the
normal successful printout. If the user should find himself in this
situation it would be adviseable to either make multiple runs in the
vicinity and examine the results for consistency, or change the conver-

gence criterion in VIMODE, recompile, and run again.

Neither the departure or arrival 'planet" can have orbits of high
eccentricity. If the user exercises the option of specifying the
elements of a tenth fictitious planet he must remember that comets are
not allowed. This limitation is imposed by subroutine EPHEM. If the
user desires to intercept comets or other bodies with highly eccentric
orbits it is a simple matter to substitute a suitable routine for the

solution of Kepler's equations (see subroutine EPHEM).

The program makes use of a great deal of double precision. The penalty
for double precision is slight on the IBM 360 system; however, this

may not be so on some other systems. If the program is converted to
operate on another computer lacking high speed multiple precision, large
increases in run time are to be expected. On the other hand, some
cémputers have a longer, single precision word length (for example the
SRU 1108) which makes it possible to eliminate most of the double

precision and still achieve comparable accuracy.
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CHEB:

Dl:

D2:

D3:

D4

DELTA:
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APPENDIX A

DICTIONARY OF TERMS *

AV is a triply subscripted array (AV(I,M,LN)) and is the
value of the Mth coordinate of the acceleration at the
Ith Chebychev point of the LNth leg.

BDY is a triply subscripted array (BDY(M,J,K)) filled with
quantities associated with the boundary values of the
trajectory. BDY (M, 1,1) M= 1,..,ND are the components

of the velocity of the vehicle relative to the launch planet;
BDY (M,2,1) M= 1,..,ND are the components of the applied
acceleration of the vehicle at the launch planet; and BDY
(M,3,1) are the derivatives of that_acceleratioﬁ at the

launch planet.

A logical variable which is true if and only if hyperbolic

excess speeds are specified.

A singly subscripted array containing the Chebychev points
of [0,1] of order NP.

Julian day number, used in subroutine EPHEM

Julian date of departure

Julian date of arrival

Same as D1

Same as D2

Convergence tolerance for Gauss' and Newton's iterations

DX is a triply subscripted array (DX(I,M,LN)) containing

the change in X from one iteration to mnext.

* Special groups of terms are also defined in various sections else-
where in the document (see Input, Output or specific subroutines).



EPOCH:
Hl:
H2:
H3:
H4:

HV1:

HV2:

JV:

N1:

N2:

NA:

NB1:

NB2:
NB3:
NB4:

NC:

D2-121308~1

A matrix containing the elements of the planets (see

description of subroutine EPHEM).

Julian date at epoch (base time). In EPHEM it is 2436935.
Hyperbolic excess speed at launch planét (au/yr)
Hyperbolic excess speed at arrival planet (au/yr)

Same as H1 but in km/sec

Same as H2 but in km/sec

Initial hyperbolic excess velocity relative to the

departure planet (km/sec)

Final hyperbolic cxcess velocity relative to the arrival

planet (km/sec)

. 2 3
Payoff in au”/yr~ (same as P)
NP/2

A parameter which adjusts the indexing in SQROOT to account

for differing boundary conditions at launch.

Same as N1, but for arrival.

0 for approximate solution
Acceleration number

ation time history

Launch boundary number 0 flyby

speed

2 rendezvous

Arrival boundary number (Same convention as NB1)
Same as NB1
Same as NB2

Number of dimensions (used in call 1list of VIMODE)

1 for more accurate acceler-

1 specified hyperbolic excess



NCON:

NCOUN:

NCOUNT:

NF:

NFAIL:

ND2:

NIT:

NH:

D2-121308-1

A flag for the computation of certain matrices in

subroutine CONST.
Same as NCOUNT.

Counter used in TCTPRE to determine when new trajectory

has been calculated by VIMODE.
Number of dimensions of the trajectory.

A flag which determines whether TSHIFT has been called

earlier.

A flag which is 2 if SQROOT successfully solves its set

of linear equations, and 3 if not.
2ND

Maximum number of iterations allowed for achieving an

optimum,

An integer taking the values 2 or 3. NH is used only when
hyperbolic excess speeds are specified, and represents an
option in the calculation of Pxx. Normally actual com-
ponents of the vector X comprise the set of independent
parameters to be optimized. In the case of flyby

X(2,M,1) (and/or X(NPMl,M,NL)), M=1,..,ND belong to this
set. However when hyperbolic excess speeds are specified
these quantities become partially constrained. 1In order

to regain a free parameter set new unconstrained parameters
o (and B if ND=3) are introduced, representing the helio-
centric longitude (latitude) of~the hyperbolic excess
velocity. Now X(2,M,1) becomes a function of a (and B) (see
Reference 1). This functional relationship is highly non-
linear, so that it is sometimes desirable to include terms
involving second order derivatives with respect to a (and B)
to Pxx when employing Gauss' method. NH=3 signifies these
terms are added, otherwise NH=2; when Newton's method is

being employed (i.e. N0O=3), NH is also 3.
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NL: Number of legs of the trajectory
NLP: Number of legs (same as NL)
NO: Order number | 2 for Gauss® method
3 for Newton's method
NP: Number of Chebychev points per leg.
NP1: Departure planet number, varies from 1 for Mercury to 9
for Pluto.
NP2: Arrival planet number
NP3: Same as NP1
NP4 : Same as NP2
NPD: (NP) (ND)
NPD1: NP - ND
NPD2: NPD - ND2
NPM1: NP -1
NPO: Same as NPOW
NPOW: Power number 1 for variable power
0 for constant power
NR: Number of full revolutions around the sun (NR = 0 for

travel angles less than 3600).

NT: Tracking number 0 for no tracking

1 for tracking
P: Payoff in au2/yr3

PLANET : A logical variable which is true if one of the planets is

Mercury, Pluto or ficticious.

PS: Payoff in auz/yr3.



PX:

PXX:

SI:

STEP:

T2:

T3:

TA:

TANGLE:

TEST:

TP:

TT:

Vl:

v2

PX is a doubly subscripted array (PX(K,LN)), filled in
DERIV with first order partial derivatives of the payoff

for each leg. PX is also filled in SQROOT with the solution
of the linear set of equations defined. by Gauss' and

Newton's methods.

PXX is a triply subscripted array (PXX(Kl, K2, LN)) filled
in DERIV with second order partial derivatives of the payoff

for each leg.
Specific impulse of thrusters (sec).
Fraction of increment of hyperbolic excess speed.

T(LN) is a singly subscripted array representing the

duration in years of the LNth leg of the trajectory.

T2(LNj T(LN)'Z

]

tr:(J;.N)"3

T3(LN)
Travel angle (radians) of trajectory

A logical variable which is true if and only if the travel

angle of the trajectory is greater than 3w,
Relative change in payoff from one iteration to the next.
TP(LN) = (20T (LN))?

Thrust to weight ratio of spacecraft relative to power

level at 1 a.u.
Trip time in years.

Position and velocity of launch planet in a.u. and yr, with
Vi(l) = x, V1(2) =y, V1(3) = z, V1(4) = x, V1(5) = ¥y, V1(6)

= z.
Same as V1 for arrival planet

VR is a doubly subscripted array (VR(M,NB), M = 1,..,ND~1,
NB=1,2) representing the initial (NB=1) and final (NB=2)

directions of hyperbolic excess wvelocity.



VRA:

VRA is a triply subscripted array (VRA(M,I,NB); M=1,..,ND;
I=1,..,ND-1; NB = 1,2) representing the first order
partial derivatives of VR with respect to heliocentric

longitude and/or latitude, that is, if’

cos o cos B

VR(-,NB) ={ sin a cos B , then
sin B8
veaQe,1) = LROLNB opg yppqy,2) = 2YRULNR) i

A quadruply subscripted array (VRAA(M,I,J,NB); M =1,..,ND;
I=1,..,ND-1; J =1,..,ND-1; NB = 1,2) representing the
second order partial derivatives of VR with respect to

heliocentric longitude and/or latitude.

2

That is VRAA(M,1,1,NB) = 2 Svr ot sNB) | vRaa(,2,2,8) = —ROLEE),
Ba 38

_____L_:__
VRAA(M,1,2,NB) = URAA(M,2,1,NB) = SB;RBM NB)

WV is a doubly subscripted array (WV(I,LN)) and is equal to -
VPO/p (p=the power level) at the Ith Chebychev point of

the LNth leg.

X is the same array as XV except that the coordinates of

the trajectory at the 2nd and next to last Chebychev points
of any leg are replaced by normalized derivatives at the
endpoints of the leg. If x(M,t) is the Mth coordinate of the

trajectory, at time t, then

t=t
X(2,M,LN) = T(LN)—X—@-LQI 1

t=t
X(NP-1,M,LN) =-T (LN) -—X—@’—Q I £

where T(LN) is the duration of the LNth leg and t and te

are the initial and final times respectively of the leg.



XS:

Same as X, and used to save trajectories.

XV is a triply subscripted array (XV(I,M,LN)) which defines
the trajectory. To be more specific, XV is the value of
the Mth coordinate of the trajectory at the Ith Chebychev
point in the LNth leg.
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APPENDIX B

OPERATING INSTRUCTIONS

The program is coded in FORTRAN IV to run on the IBM System 360
computer. It was validated on an IBM 360/75 using OS Release 16
MVT, The deck was compiled using Release 16 FORTRAN G and Release
16 FORTRAN H, Optimization Level 02. It should operate, with only
minor changes in control cards, on any IBM system 360 with a FORTRAN

compiler and 150,000 bytes available core.

The program is coded as a subprogram so that it may be used as part

of a larger mission design master program. Its initial usage, however,
is expected to. be as a stand alone design tool. 1In this mode the sub-
programs are stored on a disk where they may be retrieved and combined
with main program each time they are needed. The main program is then

a sequence of calls to the subprograms, with the input data passed on

as literal constants in the call list. Several examples are given

in Appendix C. The input data are discussed under Program Organization -

Input.

Computation time varies on a given machine with the type of tra-

jectory being solved. The actual time spent by the computer calcu-
lating an optimum trajectory is a function of the number of patched
polynomials (see Analysis) and the number of iterations required. Hence
the time to compute "easy" versus "hard" trajectories can vary by two
orders of magnitude. The first sample case in Appendix C is an Earth

to Mars rendezvous. It is an "easy" trajectory. The actual computation
time used by the central processing unit of the IBM 360/75 was .3
seconds. Compilation, link editing, and various interrupts for I0 are
not included. 1In other words, on almost any machine the actual com-
putations for this sample case should consume an insignificant time

compared to the total run time.
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APPENDIX C

SAMPLE CASES

Mars Rendezvous

This is a two~dimensional trajectory having zero hyperbolic excess ve-
locity at Earth and Mars. It takes only one 10 point polynomial for

the 200 day trip. This simple case is included mainly as a time check.

A single trajectory will executein .3 seconds on the IBM 360/75 using

the Level 02 FORTRAN H compiler., Additional cases of the same or smaller
one leg trajectories execute in .1 seconds. The time is reduced because
a number of computations are performed only for the initial case and

need not be repeated. These execution times are very small compared

with other machine operations, such as compilation, link editing and
various unavoidable delays. Execution times using the FORTRAN G com~

piler increase by more than 50%.
The main program for this trajectory is, starting in card column 7;

COMMON/BDYP/BDY(3,3,2),PV,PC
CALL VTMODE(2,0,3,4,2,2,2446538.,2446738.,0.,0.,0,0,0)
STOP

END

The short form output appears on the following page.
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Jupiter Flyby

This is on 800 day Earth to Jupiter mission using solar power. Departure
from earth is with zero excess velocity. The arrival excess velocity

at Jupiter is unconstrained. The variable thrust output on the next

page is followed by a constant specific impulse output. Note that an
accurate acceleration history was requested (NA = 1). If, for this

case, NA had been set equal to zero, two extraneous thrust periods would

have appeared.

However, the payoff is little changed by the NA setting. 1In £fact the

two payoffs are

I

JC = 12.8831 for NA

il
o

12.7077 for NA

JC

]
o

The main program is as follows:

COMMON/BDYP/BDY(3,3,2),PV,PC

CALL VTMODE(3,0,3,5,2,0,2444140.,2444940,,0.,0.,1,1,0)
CALL OUTCAL

CALL TCTPRE(.00008,5000.)

STOP

END
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Saturn Flyby

A series of five Earth to Saturn flybys are computed varying hyper-
bolic excess velocity at earth. The main program is:

COMMON/ BDYP/BDY(3,3,2) ,PV,PC

CALL VTMODE(3,0,3,6,2,0,2446750.,2448550.,0.,0.,0,0,0)

DO 11 =1,4

HV1 = 1.0 + (I-1)%1.0

CALL VTMODE(3,0,3,6,1,0,2446750.,2448550.,Hv1,0.,0,0,1)

1 CONTINUE
STOP
END

This illustrates tracking in hyperbolic excess speed from a previously

computed rendezvous solution,
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Qut—of-the-Ecliptic Probe

This is an example of using the three-dimensional start option. The
goal is to achieve a 1 au circular solar orbit inclinded 45° to the
ecliptic. A tenth set of orbital elements were~inserted in Subroutine
EPHEM. They are

a = 1.000000

e = 0,

i = ,8 radians
2 = 4.7 radians
W = 0 radians
L =1.748089

The trajectory assumes solar power. The launch d;te is near-optimum for
the 720 day trip time. The main program is
COMMON/BDYP/BDY(3,3,2) ,PV,PC
CALL VIMODE(1,1,3,10,2,2,2443958.,2444678.,0.,0.,1,0,0)
CALL OUTCAL
STOP

END
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APPENDIX D
LISTINGS

INDEX OF SUBROUTINES FOR APPENDIX D

Subroutine Page Subroutine Page
ALIGN D-13 OUTPT1 D-17
AMAP* D-31 OUTPUT D-16
AVTEST D-19 OUTTOO D-28
CONST D-22 PATCH D-11
DDERIV D-8 PAYOFF D-7
DERIV D-10 PDERIV D-9
DPOWER* D-25 PMAP* D-31
EPHEM D-24 POLEVL D-19
FIXUP D-13 POWER* D-25
HAD D-18 REDIST D-15
INTRDN D-30 RESCAL D-27
INTRUP D-31 ROOTR D-27
INVINT D-26 SEARCH D-7
KROOT D-29 SECANT* D-8
MODIFY D-12 SQROOT D-23
MODLEG D-19 START D-5 |
MULT1 D-20 STARTF* D-4
MULT2 D-20 TCTPRE D-25
MULT3 D-20 TSHIFT D-14
MULT4 D-20 VCAL D-18

. MULT7 D-21 VIMODE D=2
MULTS D-21 WYDER D-6
MULTO D-22
OUTCAL D-16

*These are function subprograms.
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COMMON/BDYP/BDY(3,43,2),PV,PC

CALL VTMODE(240+3,4¢9292¢2446538B.¢24467384904¢0.90+0,0)
sSTOP

END

SUBROUTINE VTMODE(NCyNRyNP3 NP4 yNB3¢NB4LyD3yD4yH3  H&yNPOyNANT)
COMMON/BDYP/BDY(353,2)4PV,4PC

DOUBLE PRECISION X(10¢396)9PXXsPXyGyVRyDVR,yVRA,VRAA,DALTTP,DX
DOUBLE PRECISION AgAAyBAsUsVoCHEB s TT T oT24T3,TPyPI29XVsAVWV,P
COMMON/SCRACH/DX(30,0)
COMMON/PXXPX/PXX{3093096)+PX{30+46):G(90,6)

COMMCN/PARAM/NL yNDsNPyNyNPDyNPML4ND2,NPD2sNPD1yNPOWsNBL1yNB24yNOyNH
COMMON/OUT/XV{3046)9AVI104396),WV{10,6)
COMMON/CONSL/A(59542) 9AA(59592) 9BA(59552),U(1042),V{(1042)CHEB(10)
COMMUN/TIMEQ/TTvT(b)'T2(6)073(6)9TP(6) PI2,TTP
COMMON/COUNT/NCOUNT s NCOUNoNLP
COMMON/VREL/VR(342) 4 VRA(3,292) ¢y VRAA(3429242)DVR(3,2),DAL(3,2,2)
COMMCN/PUT/NPLsNP2,D14D2yHLsH29yPS»V1(6),V216)

NF=0

IFINT.EQel s ANDaNPL.EQ.NP3.AND NP2.EQ.NP4.AND.D1.EQ.D3.AND.
CD2.EQ.D4) NF=1

NCOUNT=NCOUNT+1

Pl2=6.28318530717958647692D0

D1=03

02=D4

TTP=TT

TT=(D2-D1)/365.25

NPL=NP3

NP2=NP4

NB1=NB3

NB2=NE4

CALL EPHEM(DL14NPl,vl)

CALL EPHEM(D2yNP2,Vv2)

H1=.2104%H3*FLOAT(2-NB3)

H2=«2104%H4%FLOAT{2-NB&)

Pv=0.

NP=10

NPMLl=NP~1

N=NP/2

IFUINCONLEQ.O) sOR.{NPD.EQeOcANDNPDOW.NEL,O)) CALL CONSTINP NyNCON)
NPOR=NPO

ND=NC

IF(NC.EQs3,ANDNT.EQ.O) ND=2
IF(NC.EQ.1) ND=3

NIT=30

DELTA=,01

CALL START(XyXVsNRyNLP,TA,NT)

IF(NL.EQ.1.AND.NLP.EQ.1]) NF=1
IF(ABS(TA).GT.9.424777) DELTA=.001
IF(ABS{TA).GT494424777) NIT=100
NPD=NP%ND

ND2=2%*ND

NPD1=NPD-ND
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20

22

25

30

39
99
100
200

750

175

800
925

NPD2=NPD-ND2

DO 99 IT=1,NIT

NO=2

IF(NF.EQ.1.0R.NT.EQ.1) NO=3

CALL ALIGNI(X)

CALL PAYOFF(X4P) :
IF(IT.GT.1.AND.P.GT. (L. +DELTA)*PVICALL SEARCH(X4P,DX)
TEST=DABS{{(PV-P)/P)

Pv=pP

IF(TEST LT DELTALANDIT.GT.1.AND.NBLl.EQ.NB3.,AND.NB2.EQ.NB4)
CGC T0 100

[FUIT.EQ.NIT)GO TO 940

NB1=NB3

NB2=NB4

IF(IT.EQ.1.AND.NT.EQ.1.AND.NB3.EQ.1) NB1l=2
IF{IT.EQel«AND.NT.EQalAND.NB4.EQ. 1) NB2=2

CALL PDERIV

NH=3

IFINBloNE<]1.ANDJNB2.NE.1) NH=2

N1l=1+((ND-2)%*NBL*%2+ (4-ND)*NB1+2%ND)/2

N2=NPD-{ {ND—-2)%NB2*%2+ (4-ND)*NB2+2%ND)/2

CALL PATCH{T,H1,H2)

CALL SQROOT{PXXsPXsPXyNPD,NLyND2:N1,N2:NFAIL)
TESTLI=(VRA(3,291)%PX{ND2,1))*%2+(FLOAT(2=ND)*PX{ND2-151))%%2
TEST2=(VRA(3,2,2)%PX(NPD241,NL) ) *%2+(FLOAT(2-ND)*PX{(NPD2+2yNL) ) *%2
IF(NBl.EQel.AND.NHeEQe3 . AND.TEST1.GT.2.) NFA[L=3
IF(NB2.EQe1ANDcNH.EQe3.AND.TEST2.GT.2.) NFAIL=3
IFINFAIL.EQ.2) GO TO 30

[FINO.EQs2.AND.NH.EQ.2) GO TO 940

CALL FIXup

IFINC.EQ.2) NH=2

GO T4 25

CALL MODIFY(PXsDXyH1,H2)

IF(NBl.EQs1l) CALL MULTIIVR(1s1)sDVRI1e1)sVR{151)s1sD0s14ND)
IF(NB2.EQ.1) CALL MULT1(VR(1+42)¢DVR{192)9VR(192)+1.D0,14ND)
DO 39 LN=1.NL

CALL MULTL{X(L1olsUN)yDXU{LyLN)osX(1lylysLN)y1.DO9NDsNP)
CONTINUE

CONTINUE
IF({NFoEQel) e OR{NT.EQalcAND.NL.EQ.NLP))IGO TO 750
NF=1

CALL TSHIFT{XsXVyNLaNLPoNDyNP4N)

GO 10 15

IFINA.EQ.O) GO TO 92%

CALL AVTEST(AVs T2, NLPyNL,ND,NP)

IFINLP.EQ.NL) GO YO 800

CALL TSHIFT(XsXVeNLyNLPsNDyNP4N)
GO TC 15 A

GU TO 925

IFIND.EQ.NC.OR.ND.EQ.3) GO TO 950
ND=NC

DC 930 LN=1,NL

DG 930 I=1,NP
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930 X(Is3,LN)=0.
GO T0O 10

940 COUONTINUE
NCOUN=0
NCOUNT=0
WRITE{6,1009)

950 CONTINUE
H1=0.
HZ2=0,
DO 975 M=1,ND
IFI(NB3.EQe2) VR{My1)=AV(14M,y1l)
IFINB4.EG.2) VR{M,2)=AVINPsM,NL)
BOY{Mylyol)=X{29Mel)}/T{]1)-V1(M+3)
BOY{(My1,2)==X{NPML M NL)/TINL)-V2(M+3)
Hl1=H1+BDY{Myl,1)%x2
H2=H2+BDY{(My1,2)%%2
BDY{(M,2,1)=AVI{1 M 1)%T21(1])
BNDY(My2:2)=AVINP M, NL)®T2(NL)
L1=AV{2:M,1)
L2=AVINPM1,MeNL)
DO 973 I=1,4NP
Z1=21+U( (T 1) %AV 4M,y 1)

973  12=22+Ul1,2)%AV{1,MyNL)
BOY(My3,1)=21%T3(1)

975 BDY{(My3,2)=-722%T3(NL)
H1=SQRT(H1)/.2104
H2=SQRT(H2)/.2104
PS=.T7121%PV
DU 980 LN=1,4NL
CALL MULTSG{AsXVILyLNY s XV{L1oLN)yNDyNPyN,1l)
CALL MULTG{ALAVIL 31 sLN)yAV{1sloLN)sND¢NPsN,s1)
CALL MULTA(A WYL oLN)oWVILeLN)oLlsNPeN,1l)
DO 980 M=]1,ND
DO 980 I=14NP

980 AVII MeIN)=AVIIsMLN)IXT2(LN)
CALL OUTPTLIINP3yNP4¢sD34Db4yHLH2,PSsNLoND¢NPsNB34NB4NPOW)
RETURN

1009 FORMAT(//4X39HFOLLOWING TRAJECTORY FAILED TO CONVERGE)
END

BLOCK DATA

OCuBLE PRECISICN PXXsPXyG

DCOUBLE PRECISION VRyOVRyVRA,VRAA,DAL
COMMON/COUNT/NCOUNTNCOUNyNLP
CONNGN/PXXPX/PXX(30930:6)’PX(3096).6(90 6)
COMMON/VREL/VR(342)eVRA(39242)9yVRAA(34292+42)+sDVR(342)9DAL(3,42,2)
DATA PXXyPXyGC /6120%0.00/

DATA NCOUNT,NCOUN,NLP/3%0/

DATA VRyVRA,VRAA,DVR,yDAL /60%0.D0/

END '

REAL FUNCTION STARTF(CZ4+D1,45S)



[F(DZ+D1.GT.2.) GO TO 1 '
STARTF= S*(DZ+S*(3.-2.%D2-D1+5S*(DZ+D1-2.)))
RETURN
B=(2./(DZ+D1))/(1.4SQRT(1.-{2./7(DZ+D11}))))
STARTF= B%S%(DZ+5%{(D1-DZ2)*,5)

IF(SeGTale~B) STARTF=STARTF4+.5%(S+B-1.)*%2%Dl%*{1.-B)/8
IF(S.LT.B) GO TO 2
STARTF=STARTF+,5%B*(1.-B)*DZ

RETURN
STARTF=STARTF+.5%S*D2*(1.-B)*(2,-5/8)
RETURN

END

SUBROUTINE START{X ,XVeNRyNLPoTA,NT)

DUOUBLE PRECISION X(10¢356)9XV{(10+43,6)sVRyDVRysVRA,VRAA;DAL
DOUBLE PRECISION AcAA9BAyUVICHEB s TT s ToT2eT3,TPoPI2yTTP,W
COMMCN/PUT/NPL1+sNP24D1,D2,H]1sHZ2:PS,¥1(6)4v2(6)
COMMCN/VREL/VRI{392)¢VRA{342¢2)sVRAAL3¢2+2+2) +DVRI3,42)+DAL(342,2)
COMMUN/TIMEG/TTyT{6)yT2(6)4sT3(6),TPL{6),yP12,TTP
COMMON/PARAM/NL yND 4y NP yNoNPDNPM]L ¢ND2,NPD2 ¢ NPDLyNPOWNBLoNB2yNO,NH
CUMMON/COUNSL/A{S95+2) 2AA(5:542) ¢BA(59592)U(10,2)yV{1042),CHEB(10)
Cl=ATAN2{(V1{2),V1i(1))

Q2=ATAN2{V2(2),v2(1))

Q=Q2-G1+6.283185

Q=AM0D(Qy6.283185)

Q=0+6,283185%FLOAT(NR)

IF(NT.EQ.1) Q=TA+ATANZ2(SIN{Q-TA),CO0S{Q-TA))

TA=Q

ROL=VI{1)*%%2+4y1(2)%%2

RO2=v2(1)%%24y2(2)%%2

RI=SGRT{RO1+V1{(3)%%2)

R2=SCRT(RO2+Vv2{3)%%2)

R=R2=-R1

Ol=ATAN{V1{(3)/SQRT(RO1))

02=ATAN{(V2{3)/SQRT(R0O2))

0=02-01

DR=AMAX1(R1,R2)/AMINI{(R]1,R2)

NLP=1.+Q*%.31830989

IF{DR.GTale) NLP=1.+Q%,4244132

IF(OR.GT.6.) NLP=1,.,+Q%.6366198

NLP=MINO(NLP,6)

[FINT.FQ.O) NL=NLP

DO 5 LN=1sNL

IFINT.EQ.O) TUILN)=TT/FLOATINL)

IFINTLEQel) T(LN)=T(LN)}®TT/TTP

T2(LN)=1a/T(LN}%%2

T3{LN)I=T2{(LN)/T{LN)

TPILN)=(PI2*T(LN))*%2

IFINT.EQ.L) RETURN
RIT=(V1I{L1)*V1(4)+V1{2)%V1i{(5)+V1(3)%V1(6))/R]
R2T=(Vv2{1)%Vv2(4)+v2(2)%V2(5)+V2(3)%V2(6))/R2
OlT=(RI%VI(6)-R1T*V1I{3)}/(R1%*RO1)
02T=(R2%V2(6)-R2T%V2(3))/(R2%R02)
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QLT=(Vv1{1)%V1(5)-v1(2)%V1(4))/RO1
Q2T={v2{1)*Vv2(5)=v2(2)%*Vv2{4))/R0D2
IF{R,EQ.0.) R=,0000001
[F{C.EQs0.) Q=40000001
IF{0.EQ.C.} 0=.0000001
R1S=TT%#R1T/R

R2S=TT*#R2T/R

QL1S=TT*Q1T7/Q

Q25=TT%#Q27/Q

01S=TT#017T/0

0258=T11%021/0

W=0.

DO 10 LN=1,4NL

DO 8 I=1,NP
S={W+CHEB(I)*T{LN)}/TT
D=01+STARTF{015+02S+5)%0
E=QL+STARTF(Q1S5S,Q25,S})%*Q
F=zR1+STARTF{R1S,R2S5,S)*R
XVIIglyLN)=F%COS(E)*COSID)
XVII42eLN)=F*SIN(E)®COS(D)
XV{I¢3,LN)=F%SIN(D)

wW=W+T{LN)

DO 79 LN=1,NL

CALL MULT3{UsXVIL1s1leLN)YoX{1ly1lsLN) NDyNP)
DO 13 M=1,4ND

VR{M,1)=Vv1i(M+3)

VR{M,2)=V2({M+3)

RETURN

END

SUBROUTINE WYDER{E FsAVeWsBsQesGyH,TP,P)

DOUBLE PRECISION AsAABA UsVeCHEBsWRsR14R2,DSQARTyPOWERDPOWER,TP
DOUBLE PRECISION E(10+3)+F(10,3)4AVI10+3),W{10)sB{10+3)+G(10:3,3),
COQUL104,3))H{109343)9C{10+3)+D(10e3)9R3(10)¢R4(10),4Py2
COMMUN/COUNSLI/A10599542) 9 AA159542) sBA(595+2)sU(1062)4sVI1042),CHEB(10)
COMMEN/PARAM/NL yNDy NPy Ny NPDyNPMLyND2yNPD2yNPDLyNPOWyNBLyNB2yNCyNH
DU 39 I=1,NP

1=0.

DO 8 M=1,ND

L=Z+E{] M) %%X2

R2=1.71

R1=DSQRT(R2)

R3{I)=TP%¥R2%*R1]

R4{1)=3.*%R1*R3(1)

wil)=1l.

TF(NPUW.EQ.Q) GO TO 1C

W {I)=1./DSQRT{POWERI{1./R1})

WR=-DPOWER({1./R1 ) %W )%%2/2,

DO 19 M=1,ND

AVIIyM)=F(TyM)+RI{]I)*E(I M)}

QUIyM)=W{I) XAV 4M)

ClIyM)=RLI*E(] M)



19

29
39

45

49

75

79

5

DUIoM)=nWRAAV{I4M)—3 . %RI([}%C(T4M)
DO 29 Ml=loND

DC 29 M2=1,ND

H{L oMLl yM2)}=C({[sM2)%D{IsM1)

IF (ML EQeM2) HUL1,MLyM2)=H{I M1 ,M2)4R3(1])
CUNTINUE ’

CALL MULTG(AACyByNDyNPyNy1)

CALL MULT2(Q¢BePoNDyNP)

DO 49 I=]oNP

1=0.

DG 45 M=1,ND

QUIM)=Wl{I)%B(I4M)
L=L4Q( 1 MYXD(]I,M)

DO 49 M=1,ND
BOIoM)=R3(T)I*QUIM)ELRC (T M)
IFINC.LT.3) RETURN

DO 79 I=1.NP

R1=0.

DG 75 M=1,ND

RI=R14Q(T+M)%C{]IsM)

DO 79 M1l=1,ND
D(TIeM1)=2.5%C{TyML)%R]L-Q(I,yM1)

DC 79 M2=1,M1
L=CLIoML)ED( T M2)4+C{TI M2)%D(T4M])
IF(M]L.EQ.M?2) Z=7Z-R1

GIIL M1 M2)=R4&(]1)%2

RETURIN

END

SUBRCUTINE PAYOFF(X,P)

DOUBLE PRECISION AgAAGBAsUsVyCHEBsXV9sAVeWVoTT T,T72,73,TP,PI2
DOUBLE PRECISION X{30,6)¢sPXXsPXyPyePL4G
COMMON/PXXPX/PXX{30+3046)9PX(30+6)+6(9046)

CCMMON/PARAM/NL yNDo NPy Ny NPDyNPMLyND2yNPD2yNPDLyNPOWsNBL 4NB24NOsNH
COMMEON/TIMEQ/TT,TU6),T2(6),T3(6),TP(6),P]2
CUMMON/CONSLI/A(545452)2AA(54542)+¢BA(S53592)9U{10,2)yVI10,2)CHEB(10)
COMMOCKN/OUT/XV{3046)9AVI(30,6)sWV(10,46)

P=0.

DO 5 LN=1eNL

CALL MULT3(VoX{L1sLN)sXV(1sLN)sNDyNP)

CALL MULTG{BAYXVILoLN) oPXX{1s9¢LN)sNDyNP¢N,1)

CALL WYDERUXVILIoLN) oPXX{L1oFoULN) gAVIL1oLN) o WVIL1LN) PXX{1y1l,LN),

CPXX{Lp2oLN) oGULaLN)oPXXIL196oLN)TPILN),PL)

P=P+PL%*T3(LN)
RETURN
END

SUBROUTINE SEARCH{X,P,DX)

DOUBLE PRECISIUN A,AA,BA,U,V,CHEB

oousLt PRECISION VRyDVRyVRA,VRAA,DAL,RHO

DCUBLE PRECISION X{30,6)+DX(30:6)¢PXXyPXePsPROyROWSECANTyZ ol
COMMON/PXXPX/PXX{30,30,6),PX(30,6)
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CUMNON/PARAM/NL;ND;NPngNPD'NPMl,NDZ.NPDZ.NPDL.NPON.NBI.NBZpNO;NH
COMMON/VREL/VR(392)qVRA(3an2),VRAA(392'212)'DVR(312)vDAL(3'Z.2)
CUMMUN/CONSLIA(SvS:Z)oAA(5;502)q8A(5s5'2).U(10-2).V(1012)'CHE8(10)
PRO=0.

DC 5 LN=1,.NL

CALL MULT3(V,DX(14LN)sPXX{LsLLsLN)yNDyNP)

CALL MULT4(BAGPXX({LyLLeLN) ¢PXX(LyLOsLN)¢ND9yNPeNysl)

CALL CDERIV(0.DO,P,PRO40)

RO=SECANT (P,PRO)

RHO=RO+1.

DC 8 M=1,ND

IF(NBleEQel) VR(My1)=DVR(M,1) +RHO* (DAL {My1s1)+.5%RHO*¥DAL(My2,1))
IF(NB2.EQ.l) VR(M,2)=DVR{M,2)+RHO* (DAL{My142)+.5%RHO*DALIM,2,42))
DO 10 LN=1,NL

CALL MULTL(X(LyLN)+sDX{1oLN)¢X{LsLN)4RO+NDyNP)

CALL ALIGN(X)

RETURN

END

DCUBLE PRECISION FUNCTION SECANT{P,PRO)
DOUBLE PRECISION RO,P+PRO,RO2yPRO24P2
R02=-05

RC=0.

DU 5 IT=1,20

CALL CDERIV(RO2,P2,PR0O2,1)

IF(IT.EQ.20) GO TO 10
IF(DABS({(P2-P)/P).LT..0001.AND.DABS(PRO2/P2)}.LT.1.) GO TO 10
P=p2

P2={R0O*PR0O2-RO2*%PRO)/ (PRO2-PRO)

RGC=RG2

RC2=P2

PRC=PRO2

SECANT=R0OZ2

P=p2

RETURN

END

SUBROUTINE DDERIV{(RC,P,PROyNS)

DOUBLE PRECISION VR,DVR,VRAVRAA,DAL
CDNNGN/VREL/VR(302)9VRA(31292)9VRAA(3'20212)QDVR(3|2)'DAL(302'2)
DOUBLE PRECISICON PsPRCsROsWsZ '

DOUBLE PRECISION DH(3,2),DHRO(392) sHyRHO,U(3)4V(3)4DSQRT

DOUBLE PRECISION XV AV oWV o TT g T3 T2,T3,TPPI2:PXX4PX G
COMMCN/PXXPX/PXX(3043046)9PX(3096)956(90+6)
COMMON/TIMEQ/TT,T(6)4T2(6),T3(6)TP(6) P12

COMMCN/PARAM/NL yNDyNP o Ny NPDoNPML yND2sNPD2yNPD1+NPOWsNB1+NB2¢NO,NH
COMMON/OUT/XV{3036) sAV(30+6) ¢WVI(1046)

COMMON/PUT /NP L NP2,D1,D24H1,H2,PS,V1(6),V2(6])

RHO=RC+1.

DC 50 NB=1,2

IF((NBeEQeleaAND<NBLoNE«Ll)eORe (NB.EQ.2.AND<NB2.NE.1)1GO TO 50
LN={NB=1)=NL+(2-NB)
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40
50

H=T(LN)*{FLOAT(NB-1)*H2+FLOAT(2—-NB)*H]1)
l=0.
W=0., .
DO 30 M=1,ND
VIM)=DVR{M NB)+RHO®(DAL{My1,NB)+.,5%RHO*DAL (My2yNB))
U(M)=DAL (M, ]1,NB)+RHO*DAL{M,2,NB)
I=L+V{M)%k2
W=W+U(M)%V(M)
2=1./0SQRT(Z)
DO 40 M=1,ND
DHIM,NB)=H®{ 2%V (M)-VR{M,NB))
DHRO{(MyNB)=HEZ%E(U(M) =V (M) phkZ%%2)
CONTINUE
IF(NS.NE.O) P=0.
PRO=0,
DO 5 LN=1,NL
IFINS.EQ.0) GO TO 4
CALL MULTLI{XVII)LN) oPXX{Ls11sLN)}oPXX{19124LN),RO,NDyNP)
CALL MULTR(PXX{Le9yLN)PXX{LlslOsLN)sPXX{Ly134LN)sROsNDyNP)
IF(NBl.EQelsAND.LN.EQ.1)
CCALL HADIDH{L11)oPXX{Lol2+4LN)+PXX(1e13sLN),ol)
IFINB2.EQel ANDJLNLEQ.NL)
CCALL HADI(DH(192)¢PXX{1s12¢LN)PXX{1¢13¢LN),2)
CALL WYDER(PXX{L1sl2yLN)yPXX{1o13sLN)9gAVILLN)sWVIL1sLN),
CPXXCLo Lo LN)sPXX{Le2sLN)gGILyLN) sPXX{LoO6sUN)TPILN},2Z)
P=P+.%T3(LN)
CONT INUE
DO 3 1=1,30
PXX{I413,LN)=PXX{1+104LN)
PXX{Isl2sLN)=PXX{Is1l1lyLN)
IFINBl.EQ. 1. AND.LN.EQ.1)
CCALL HADIDHRO(141) oPXX{Lyl2oLN}syPXX{1e13,LN),1)
IF(NBZ2.EQel. AND.LN.EQJNL)
CCALL HADIDHRO(L¢2)+PXX{19129yLN)sPXX{1913sLN)y2)
CALL MULT2(PXX{1pl13oLN)¢PXX{1y2¢LN)sWsNDyNP)
CALL MULT2(PXX({1e123LN)yPXX{191sLN)yZoNDyNP)
PRO=PRO+{W+L)EXTI(LN)*2,
RETURN
END

SUBRUUTINE PDERIYV

DCUBLE PRECISION XVoAV WV o TTsT,T2,T3,TPyPI2,PXXsPXyG

COMMON/PXXPX/PXX{30+3046)¢PX{30+6),G(90,6) _

COMMON/PARAM/NLyND o NPy NyNPD¢NPML yND2 NPD2yNPDL1yNPOWINBL ,NB2 ¢+ NOyNH

COMMON/TIMEQ/TT T16)2T2(6),T3(6),TP{6),PI2

COMMON/QUT/XV(3096) 9AVI(3046) WV (10,46)

0O 5 LN=1,NL

Ll=1

L2=NP

IF(LNLEQel) L1=MAXO(2yNBl+1)

IFILN.EQ.NL) L2=NP-MAXO({1,NB2)

CALL DERIVIPXX{LyL1sLN)sPXU{LoLN)2oPXX(LoloLN)ePXX{192yLN),
COULaIN) yPXX{L1o69LN)YsWVILoLN)eT3(LN)sLLlyL2)
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39

49

80

81

85

89

95

RETURN
END

SUBROUTINE DERIVIPXXyPXeBsQoGoeHHeWsT3,4L14L2)
COMMON/PARAM/NL yNDoNP s Ny NPD¢yNPMLgND2 yNPD2 ¢NPDL ¢NPOWsNBLyNB2yNO,NH
DOUBLE PRECISION P(10)4+B{1093)4Q(10943)4H{10+3+3)oW(10)yHH{1043,3)
DOUBLE PRECISICN PX(30)+PXX(30530)+G(109343)9RyS»T3
COMMON/SCRACH/R(10,10)+5(10,10)

DOUBLE PRECISION A ,AA,BA U3 VeCHEBCsDyEoF,Z
COMMCON/CONSL/A(5+542)9AA{54942)9yBA159592)yU(1052)4VI10,2)4CHEB(10)
COMMON/CONS2/C(10+,10)4D(10,10)4E{10,10),F(10,10)

DG 20 I=14.NP

DO 20 M1l=1,4,ND

DO 20 M2=1,4ND

H{T oML yM2)=HH{ T M1,M2)

L3=MINO{L1,2)

L4=MAXO(L2,NPM1)

CALL MULTG{BA,QyQyNDsNPyN,y2)

DC 49 Ml=1,ND

DO 39 Il=L3,L4

PLIL)=B(I1l,M1)+Q{]I1,M1)

K1=(L1-2)%ND+M1]

DO 49 [l=LlyL2

Kl=K14ND
PXIKL)=(P{IL)4V(IL,1)%P(2)+V(I1,2)*%P{NPML1))%T3
IFINPCW.EQ.0) GO TO 81

DO B8O Il=1,NP

DG 80 12=1,11

FULLoI2)=Wll1)%C(11,12)2W(12)

FII2,11)=F{]l,12)

CALL MULTY{BA,FyEsNPyNyl)

CALL MULTO{BAJE.DyNPyNo2)

DU 99 M1l=1,ND

DC 99 M2=1,M1

DO 89 Jl=L3,L4

J2=L4

[FIM]1.EQ.M2) J2=11

DO 89 [2=L3,J2

1=0.

DO 85 M3=1,ND

L=Z4+H(IL1 M3, ML)%RH{TI2,M3,M2)
Z=H{I1yM2yML)2E(I2,IL)I+E(TILoI2)%H(I2,M1,M2)+2%F(11,12)
IFINCLEQe3.AND.T1.EQe12) Z2=24G(I1yM1L,M2)
IFIM1.EQ.M2)2=24D(11,12)

IF(M]1.EQ.M2) S(I2,11)=2

S(I1,12)=2

DG 95 11=L3,L4

J2=14

[FUIML EQ.M2) dANDL(T1.NEL2)JANDL{T1.NEJNPML)Y)Y J2=11
DO 95 [2=L3,J2
RUIL1,I2)=S{I1+12)4VII2¢1)%S{1142)4V{1242)%SU]I1,NPML)
Kl={L1-2)%ND+M1]

DO 99 Il=L1,L2
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19

20

K1=K1+ND

J2=L2

K2=(L1-2)%ND+M2

DO 99 12=L1,42

K2=K2+ND -
PXX{KLyK2)=(R{TLy12)+V(I141)%R(2,12)+V{I1+2)%R(NPM]1,12))%*T3
PXX{K2yK1)=PXX{KlyK2)

RETURN

END

SUBRCUTINE PATCH{T,HLl,H2)

DOUBLE PRECISION XV AV WV,VA[3),VB{3),VAA(3),VAB(3),VBBI(3)
DOUBLE PRECISICN PXXyPXsT(6)9ZsQeRyPsSsVR,DVRyVRA,VRAA,DAL
COMMON/PARAM/NL ¢ NDyNPoNogNPDyNPML gND2yNPD2 4 NPDL4NPOWNBLyNB2,NOyNH
COMMON/VREL/VR(342)¢VRA{34242) ¢y VRAA(342:2+2)+sDVR{3,:2)+4DAL(3,:2:2)
COMMON/PXXPX/PXX{30430+46)3PX{30,6)
CUMMON/QUT/XV{3046)3AV(30,6)9WVI30,2)

FNO=FLOAT({NH-2)

DO 20 LN=1,NL

DO 20 [=1,NPD

XV{I4LN}=PX(I4LN)

AVLIsLN)=PXX{I41,0LN)

00 10 NB=142

IFU{NBEQ. L. ANDeNBl.NE.l) OR.{NB.EQ.2.AND.NB2.NE. 1)) GO TO 10
LN=(NB-1)%NL+{2-NB)
P=TUILN)*(H2%FLOAT(NB-1)+HL*FLOAT(2-NB))
MI=NPD2%{NB-1)+ND*{(2-NB)

M3=(NPD2+1)%(NB~1)+ND2%(2-NB)
M4=(NPD242)%(NB-1)+(ND2-1)%(2-NB)

DU 5 M=]1,ND

VA{M)=PXYRA{M,1,NB)

VB(M)=P%RVRA{M,2,NB)

VAB{(M)=P%VRAA(M,1424sNB)

VBB (M) =PRYRAA(M,2,42,NB)

VAA(M)=PXYRAA(My1,y1,NB)

DO 7 I=1,NPD

£=0.

R=0.

DO 6 M=14ND

R=R+PXX{IsMI+M,LN)%XVB(M)

Q=Q+PXX (I sML+M L N)RVA(M)

WV(I,2)=R

WV(Iy1)=Q

P=0.

Q=0.

R=0.

2=0.

00 8 M=1,ND

S=S4+PX{(M1+M,LN)XVB(M)

P=P+PX{MLI+M,LN)®VA{(M)
Z=724+WVI(ML+My 1) RVBIM)+FNO*PXIMLI+M,LN)%VAB (M)
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R=R+WV(ML+M,2)%VB(M)+FNO%XPX({ML+M,LN)*VBB (M)
Q=Q+WV{MLI+M, 1 )EXVA(M)+FNOSXPX{MLI+M,LN)RVAA(M)
PX(M3,LN)=P

PX{M4,LN)=S

PXX{M3,M3,LN)=Q

PXX{M4, M4, LN) =R

IFINB.EQs1l) PXXI{M3,M4,LN)=Z

IF(NB.EQe2) PXX{M&4sM3,LN)=1

00 9 [=1,NPD2

K=ND2+1]

IF{NB.EQ.2) PXX{M3,sI LN)=WV(I,l)
IFINB.EQ.2) PXX{M&ayI+LN)=WVI(]1,2)
IFINB.EQJLl) PUX(KyMeoLNI=WVIK,y2)
IF(NB.EQ.l) PXX{KsM3,LN)=WVI(K,1)

CONT INUE

IFINL.EQ.1) RETURN

DO 2 LN=24NL

Q=T{LN-1)

R=T{LN)

DO 1 J=1,NPD2

DO 1 I=1.ND

PXXIND2+J s ND+ I LN)=PXX{ND24JyND+I,LN)*R
Z=PXX{NPD1+1yJyLN-1)

PXXINPDL4I 9 JoN=-1)=—PXX{NPD2¢+14JyLN~-1)%Q
PXX(NPD2+1,J4LN-1)=1Z

DO 4 1=1,ND

Z=PX(NPDL1+41,LN=-1)+PX{I,4LN)
PXUNPDL+IglN=1)==PX{NPD2+]14LN=-1)%Q+PX(ND+I;LN)%R
PX{NPD2+I+LN-1)=2Z

BO 4 J=1,ND

IF(J.GT.I) GG TO 4

L=PXX{NPDL+1 NPDL+JoLN-1)+PXX(IsJyLN)
PXX{NPDL+I yNPDL+JyLN=1)=PXX{NPD2+I yNPD2+JLN—-1)%Q%%2
C+PXX(ND+IyND+J,LN)%RR%X%2
PXX{NPD2+1+NPD2+J,LN-1)=2
PXX(NPDLI+IsNPD2+JoyLN=1)=PXX{ND+IoJo)LN)®R-PXX(NPD2+[NPD14JyLN-1)%Q
CONTINUE

RETURN

END

SUBROUTINE MODIFY(PXyDX¢HLH2)

DOUBLE PRECISIGN PX{30+6)9yDX{10:,3+6)sVR,VRA,VRAA,DAL,,DVR

DOUBLE PRECISION TT,T,72,73,TP,PI2,DAL1{2),DAL2(2) '
COMMCN/TIMEQ/TT,T{6)sT2(6)+4T3(6)+TP(6),PI2
COMMON/PARAM/NLyND NP yNosNPDsNPM1 ¢ND2,NPD2 yNPD1 ,NPOWsNBL+NB2,NO,NH
COMMON/VREL/VR(392)9VRA(39252)9VRAA(39292:+2)9DVR(3,2)9DAL(3,2,42)
DALL1{1)==PX{ND2,1)

DALL{2)=-PX{NPD2+1+NL)

DALZ2{1)=FLOAT(2~-ND)*PXIND2-1,1)
DAL2(2)=FLOAT(2-ND)*#PX(NPD2+2,NL)

DU 50 NB=1l,2

IF(INBLEQel1 . AND.NBI NEe1)eDR{NB.EQWs2.AND.NB2.NE. 1)) GO TO 50

DO 45 M=1,ND '
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45
50

10

10

DAL(M,14NB)=VRA{M,1,NB)*DALL1(NB)+VRA(M,2,NB)*DAL2(NB)
DAL(VMy2,NB)=FLOAT{NH-2)%(VRAA(My1,1NB)*DALL(NB)**2+VRAA(Ms242yNB)

CXDAL2(NB)*%2+42,%VRAA(My1,2,NB)*DALL1(NB)*DAL2(NB))

DVR{(M ,NB)=DAL(M, 1,NB)+.5%¥DAL(M,2,NB)

CONTINUE

DU 5 M=14,ND

D0 4 LN=1,NL

DC 4 I=1,NP

K={[-1)%ND+M
DX{IoMyLN)==PX{K,LN)
IFINBLl.NE.O) DX[2¢My1)=0.
IFINB2.NE.O) DX{NPMlyMyNL)}=0.
DX{1lyMy1l)=0.

DX(NP'M'NL)z()Q

IF(NL.EQ.1) RETURN

DG 10 LN=24NL

00 10 M=1,ND

DX{29y Mo LN)=T{LN)*DX{2¢sMsLN)
DAXINPME g Mo UN~L)==DX{2¢sMyLN)EXTL{LN-1)/T(LN)
DX(NPyMyLN=1)=DX{1eMeLN)
RETURN

END

SUBROUTYINE ALIGN{X) _
DOUBLE PRECISION X{109346)TT T9T2,T73,TP4,PI12yVR,OVR,VRA,VRAA,DAL

COMMCN/VREL/VR(342)9yVRA(35292) ) VRAA(34292+42)9DVR(3,2)4DAL{3,2,2)

COMMCN/PUT/NPL1yNP2,D1yD24H14H2,PS,V1(6),4V2(6)
COMMON/TIMEQ/TT,T(6)4T2(6)4T3(6),TP{6),P12

COMMON/PARAM/NL ¢NDyNPyNyNPDyNPM1 yND2yNPD2yNPD1yNPOWsNB1,NB2 NG NH
CO 3 M=14ND

DVR(My1)=VR(Ms1)-DVRI(M,1)

DVR(M42)=VR(Ms2)-DVR(M,2)

IF(NB1.EQ.1) CALL VCAL(VR(141)sVRA(Ly191)yVRAA(Lylyly1)4ND)
IF(NB2.EQ.1) CALL VCAL(VR{14+2)9sVRA(Lly192)9sVRAA{L1¢1ly1ls2)4ND)
DC 10 M=1,ND

IFI(NBL.NE«O) X(2yMyl)=T(1)%{V1I(M+3)+H1%RVR(M,1))
IF(NB2.NE.O) X{NPML,yMyNL)=T{NL)*(-V2(M+3)+H2%VR(M,2))
X{leMsl)=V1iM)

XINPyMyNL)=V2(M)

IFINL.EQ.1l) RETURN

DO 5 LN=2,4,NL

B0 5 M=1,ND

X{NPMLyMeLN=1)==X{2sMy LN})*T(LN=-1)/T(LN)
X{NPyMyLN=1)=X{19MeLN)

RETURN

END

SUBROUTINE FIXUP
DOUBLE PRECISICN PXXyPXsGyXVeAVyWVR¢SeZsAyAA,BA,U,V,CHEB

COMMUN/PARAM/NL yNDyNP ¢ Ny NPDyNPMLyND2yNPD2yNPD1 yNPOWNBLNB2yNQ¢NH

DOUBLE PRECISION TT,T,7T2,73,TP,PI2
COMNMCN/TIMEQ/TT T(6)sT2(6),T3(6),TPL6),PI2
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15

20

65

99
100

50

COMMON/CONSL1/A(54542) sAA(59592)9BA(59592)4U(1042)4V{1042),CHEB(10)

COMMON/SCRACH/R(10410)95(10410)
COMMON/PXXPX/PXX{3093096)¢PX(3096)3G(10939346)
COMMON/OQUT/XVI(30:6)yAV(3046)9WV(10,6)
DO 20 LN=1,NL

DO 20 I=1,NPD

DO 15 J=1,1
PXX{IsJeLN)=PXX{Js]+LN)
PX{T,LN)=XV({I4LN)
PXX{ToIsLN)=AVII,LN)
IFINO.EQs2) RETURN

DO 65 I1=1,NP

DO 65 [2=1,NP

L=Vv{Il,1)%y(12,1)
IF(I1.EQ.2)Z=74V112,1)
IFII12.EQe2) Z=724V(Il,l)
R{llel2)=L

SINP+1-11,NP+1=-12)=2

DO 100 LN=1,NL

Li=1

L2=NP

IF(LN.EQ.1) L1=MAXO({2,NB1l+1)
IFILNLEQJNL) L2=NP-MAXO{1,NB2)
L3=MINO(L1,2)

L4=MAXO(L2,NPM1)

DO 99 Ml=14ND

DO 99 M2=1,M1

Ki={L1—-2)%ND+M1

DO 99 Il=L1l,LZ2

K1=K1+ND

Je2=L2

IFIMI.EQaM2) J2=11
K2=(L]1-2)%ND+M2

DO 99 [2=L14J2

K2=K2+ND

2=G(2sML M2, LN)%®R(T1,I2)¢+GINPML ML osM2,LN)%S(I1,12)
IF(]1.EQ.12)2=24G(I1yM14M2,LN)
PXXIKLIKZ29LN)=PXX{KLoK2yLN)~Z%TI(LN)
PXX{K2sK1lyLN)I=PXX{K1yK2yLN)
CONTINUE

RETURN

END

SUBROUTINE TSHIFT(XyXVeNLsNLP¢NDyNP4N)
DOUBLE PRECISION X{3046)¢XV{1043+6)

DOUBLE PRECISION AsAA BAyUGV CHEByTTT9T2,T3,TPyPI12,TS

COMMON/TIMEQ/TT,T(6)T2(6),T3(6)TP{6),PI2

COMMCN/CONSL/ZA(595452) sAA(545+2)2BA(595+2)2Ul10+2)sVI1042)+CHEB(10)

DIMENSION THETA(61),TIME(6]1)
IF(NLEQs1.ANDNLP.EQ.1) RETURN

EX=0.

DO 50 LN=1sNL

CALL MULT3(VeX{LsLN)¢XVIilyloLN)NDsNP)
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950

13

I=1

THET=O.

TS=0.

DU 3 II=14NL

DO 2 J=1,NP

I=1+1

XC=XV{Jsl,yIl)

YC=XVI(Je2,11)

THETA(I)=ATANZ2(YC,XC)
TIME(I)=TS+T(I1)*CHEB(J)

DU 1 K=1,6

IF(THETLLT.THETA(I)+.,01) GO TO 27
THETA(T)=THETA(])+PI2
IF(THETA(I)GT.THET4#1.57.AND.[.GT.2)GO TO 950
THET=THETA{(])
THETA(TI)=THET*{XC%%2+Y(C*%2 ) *%EX
CONTINUE

TS=T(II)+TS
SUBARC=(THETA(I)~THETA(2))/FLOAT(NLP)
[1=1

ARC=THETA(2)+SUBARC

DO 4 let'.l

IFITHETA{J-1).LTL.ARC) GO TO 4
TPUIL)= TIME(J-2)+(ARC-THETA(J-2) ) *(TIME(J-1)-TIME(J=2))/
L(THETA(J~-1)-THETA(J=~2))
ARC=ARC+SUBARC

II=11+1

IF(IT.EQ.NLP) GO TO 5

CONTINUE

TP{NLP)=TT

IFINLP.LT,.2) GO TO 900

DC 6 I=2,NLP

TPINLP+2~]1)= TP(NLP+2-1)-TP(NLP+1-1)
CALL REDIST(XoXVyNLyNLPyNDyNP,N)
RETURN

END

SUBROUTINE REDIST(XsY¢NLoNLPyNDyNP,N)

DOUBLE PRECISIUN AyAABAGUsVyCHEB TT T3 T2,T3,TP,PI2,S,W
DIMENSION G(3)

DCUBLE PRECISION X(3046)eY{1043,6)
COMMON/TIMEQ/TT TL6) e T2(6)4T3(6),TP{6),P12
COMMON/CONSL/A(59542) 9sAA(59592)4BA(5,4592)yU(1042),V(1042),CHEB(10)
DO 5 LN=1,NL

CALL MULTA{AyY( 1y loLN)yX{L1yLN) NDyNPyNsl)

W=0.

DC 20 LNP=1,NLP

DO 13 I=1,NP

S=W+TPILNP)XCHEB( )

CALL MODLEGITeNLsSyLN)

CALL POLEVLIX(LsLN)93GySyNDyNP4N)

DO 13 M=1,ND

Y{IsMyeLNP)=G(M)
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W=W+TP{LNP)

DO 30 LNP=1,NLP

CALL MULT3(UsY(1lslgLNP)+X{1+LNP)¢NDsNP)
T(LNP)=TP(LNP)

T2(LNP)=1./TILNP)%%2
T3(LNP)=T2(LNP)/T(LNP)
TPILNP)=(PI2%T(LNP) )%%2

NL=NLP

RETURN

END

SUBROUTINE QOUTCAL

DUUBLE PRECISION TT,TT2,T3,TP4yP12,SsXVsAVWV
CDMMCN/PUT/NPl.NPZ.DlvDZ,Hl.HZ.PS,VI(6).V2(6)
CUMMON/TIMEQ/TTT(6),T2(6),T3(6),TP(6)4PI2
CUMMUN/PARAM/NLvND'NP'NvNPD'NPMl.NDZ,NPDZ,NPDI'NPON'Nﬁl'NBZyNU'NH
COMMCN/QUT/XVI(30496)9AV{30+,6)9WV(10,46)
COMMCN/SCRACH/B(264+12)¢G1(3),H(3)

G{3)=0.

H(3)=0.

DO 20 [=1,26

S=TT%FLOAT({I-1)/25.

B{Is1)=365.25%S

CALL MODLEG(T¢NLySeLN)

CALL POLEVLI(WVIL14LN)9Z9Sy1sNPyN)
Bl{l.l2)=1a/2%%2

CALL POLEVLIXV{14LN)sGsSyNDyNPyN)

CALL POLEVL(AV(14LN)sHeSsNDsNPN)

W=0.

£=0.

DO 15 M=1,3

B(Il.M+1)=G(M)

BlIlyM+T)=H{M)

W=W+G(M)%%2

I=74+H (M) %%2

B{I¢«5)=SQART (W)

B(I,11)=SQRT(Z)

2257 .295T8%ATAN2{G(2)G(1))

IF{1.EQ.1) GO 7O 17

DO 16 K=1,43

IF(Z-B{I~1,6).GT.180.) Z=1-360.
[F{2-B{1-1+6).LT.-180.) Z=1+4360.

B(Ipb)=l
B(T1¢7)=57.29578%ATAN(G(3)/SQRT{G(2)**2+G(1)%*%*2))
CALL OUTPUT(B'Npl'NPZQDI'DZ'Hl'HZOPS'NL'ND'NPQNBI'NBZ,NPO“)
RETURN

END

SUBROUTINE OUTPUT(A4P14P2yD14D24H14H24JVyNLyND¢NP,NBL,NB2,NPOW)
DIMENSION A(26412) »UNCST(3)

DOUBLE PRECISICN PLANET(12),POWOPT(2)

INTEGER Pl.P2
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DATA UNCST/4H UN,4H v4eH /
DATA PUWOPT/ BHCONSTANT , BHVARIABLE /

DATA PLANET/ BHMERCURY ,8HVENUS » BHEARTH » BHMARS ]
18HJUPITER , BHSATURN ,BHURANUS ,8HNEPTUNE 8HPLUTO "’

2 BHTENTH ¢+ BHELEVENTH o, BHTWELFTH /
WRITE(644321) ‘
4321 FORMAT({1H])
WRITE(6,101) PUWOPTINPOW+1)
WRITE(641201 NDyNL4NP
WRITE(64104) Jv
WRITE{(64102) PLANET(PL), PLANET(P2)
WRITE(6,103) D1l,4D2
WRITE(6,121) PLANET(Pl)y Hl o UNCST(NBLI+41l), UNCST(3)
WRITE(6,4121) PLANETI(P2)y H2 4 UNCSTI(NB2+1), UNCST(3)
WRITE(6,109)
D0 1 I=1426
1 WRITE(6,100) (A(14d),J=1,12)
RETURN
100 FURMAT(F9.244FB.346F8.24F8.3)
101 FORMAT( 24X 16HVARIABLE THRUST ,AB8,21H POWER TRAJECTORY

102 FORMAT(//15X ,16HDEPARTURE PLANET 02Xy ABy
1 10X y14HARRIVAL PLANET 92Xy A8)
103 FURMAT(//15X ,16HDEPARTURE DAY +F10.0,
1 10X s 14HARRIVAL DAY vF10.0 )
104 FURMAT{// 15X , 25HPERFORMANCE INDEX (JV) v F10.3 )
109 FURMATI(// 34H TIME X Y A
1 v 25H R THETA PHI
4 v23H AX AY AZ
2 ¢30H MAG. A P/PO

3 7/7)

120 FURMATI(// 15X915429H DIMENSIONAL TRAJECTORY USING o 12
2 929H PATCHED POLYNOMIALS WITH L1I3
1 +18h CHEBYCHEV POINTS )

121 FORMAT(//15Xy 19HEXCESS VELOCITY AT ,A8y F1l0.3 +2XsA4,
111HCCNSTRAINED o A4 )
END

SUBRCUTINE ODUTPTL(PL1sP2yD1lyD2¢HL1sH29JVeNLyNDsNPyNBL1yNE2)NPOW)
DIMENSION UNCST(3)

DIMENSION A(4)

DATA A/4H%%%%x o 4GH%k%%x , 4LHEX%Xk , LHE*®X [

INTEGER Pl,P2

DOUBLE PRteCISION PLANET{12),POWOPT(2)

DATA UNCST/4H UN,4H v 4H /

DATA POWOPT/ 8HCONSTANT , 8HVARIABLE /

DATA PLANET/ BHMERCURY ,8HVENUS  ,BHEARTH + BHMARS '
1BHJUPITER , BHSATURN ,BHURANUS (BHNEPTUNE ,BHPLUTO '
2 BHTENTH yBHELEVENTH 4 BHTWELFTH /

WRITE(6+700) AsAyAsAyAyA,A

WRITE(645432)

WRITE(6,T7C0) AyAsAsAgAsAyA

WRITE(6,5101) POWOPTINPOW+1)sND'NLsNP
WRITE(64221) PLANET(Pl), Dl , PLANET(PZ2) , D2
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WRITE(64121) PLANET(PLl) 4 Hls UNCSTINBL+1),PLANET(P2),H2 ,
LUNCST(NB2+1), UNCST(3)

WRITE(64104) JV,POWOPT(NPOW+1),UNCST(3)

WRITE(64700) Ay A,A0A,A,A,A

WRITE(645432)

WRITE(6,700) AgyA,Ay A A0A,A

RETURN :

121 FORMAT(5X,19HEXCESS VELOCITY AT ,AB8,2HIS+1E20.642X4A4%,
2LIHCONSTRAINED 4, 7H , AT o AB,2HIS E20.6¢2X A4,
L11HCONSTRAINED o A4 )

101 FORMAT(5X,16HVARIABLE THRUST ,AB8,20H POWER TRAJECTOURY IN 4 I2 41X,
L16HDIMENSIONS USING 12 4 8H LEGS OF 413417H CHEBYCHEV POINTS )

221 FORMAT(5X,20HDEPARTURE PLANET IS ,A8,14H AT JULIAN DAY ,F10.1
1 20H ARRIVAL PLANET IS ,A8,14H AT JULIAN DAY ,F1l0.1 )

104 FORMAT(5Xy21HPERFORMANCE INDEX IS +E20.6+4X,A8,10H POWER A4 )

700 FORMAT(1IH ,28A4 )

5432 FORMAT{10X/10X)
END

SUBRCUTINE VCALIVR,VRA,VRAA,ND)
DOUBLE PRECISION VR{3),VRA(3,2)WRAA(3,2,2) ¢DSQRT 2
IF{ND.EQ.2) VR{3)=0.
2=DSQRT{L1./(VRIL)*%2+VR{2)%%2+VR{3)%%2))
00 10 M=]1,3
VRI(M)=2%XVR(M)
VRAA(Mylyl)==VR(M)

10 VRAA(My2,42)==VR{M)
VRAA{3,1+1)=0.
VRA(1,1)==VR(2)
VRA(Zy1)=VvR(1)
VRA(3,1)=0.
VRA(3,2)=DSQRT{VR{1)%%2+yR(2)%%2)
Z=VR({3)/VRA{3,2)
VRA(1,2)==1%VR(1)}
VRA(2,2)=—1%VR(2)
VRAA(Lyle2)=—VRA(2+2)
VRAA(Z24142)=VRA[142)
VRAA(341,2)=0.
VRAA{L+2,1)=VRAA{]1,y1,2)
VRAA(2+2+91)=VRAA(241,2)
VRAA{3+2+1)=VRAA{3,41,2)
RETURN
END

SUBROUTINE HAD{DH,XysBAX,NB)

DOUBLE PRECISION AsAABAUoVoCHEByDH{3)eX{10+3)BAX(10,:,3)

DOUBLE PRECISION VDH(2) 4sVDHP VDHMyV]1,V2

COMMON/PARAM/NL yNDsNP oy Ny NPDyNPML ,ND2 4 NPD2sNPD1 4NPOW,NB1 yNB2 ¢NCyNH
COMMON/CONSL/A{54592)3AA159592)4sBA1S9592)4U(1042)4VI{1042)CHEB(10)
DC 50 M=]1,ND

VOHINB)={1l.4V(2,1))%DH{M)

VOH{3-NB)Y=V(2,2)%DH(M)
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50

500

10

W -

X{2yM)=X{2,M)+VDH(1)
X{NPVML M)=X{NPML,M)+VDH(2)
VOHP=VDH{2)+VDH(1l)
VOHM=yDH(2)=VDOH(1)

DO 50 I=1,N

K=NP+]1~1]
VI=BA(I42,1)%VDHM
V2=BA(1,2,2)%VDHP
BAX{IyM)=BAX{[4M)+V2-V1
BAX(KyM)I=BAX{K,M)+Vv2+V]
RETURN

END

SUBRCUTINE AVTEST(AV,T2,NLPoNLNDyNP)
DOUBLE PRECISICN AV{10,3,6),72(6)
DIMENSION AVM(2,6)

[IF(NLLEQ.L) NLP=2

[F(NL.EQ.1) RETURN

DO 525 LN=1,4NL

11=0.,

22=0.

DO 5C0 M=1,ND

L1=21+4AV{1 4 MyeLN) %22

22=22+AV{NP ¢MoLN)%%2
AVM{1,LNI=SQRT{Z1)%T2(LN)
AVM{2yLN)=SQRT(Z22)%*T2(LN)

DO 10 LN=2¢NL
RATIC=(AVM{L,LN)~AVM{2,LN~1))/AMINL(AVM{L,LN) AVM(24LN-1))
IFIABS{RATIO) «GToao LINLP=MINO(6sNL+1)
CONTINUE

RETURN

END

SUBRCGUTINE PUOLEVLI{Y+GsSaNDyNP,N)
poUBLE PRECISION Y{(1043)sHU10):S5+2
DIMENSION G(3)

H(l)=1.

H‘2)=2.*S_1.

L=2.%H{2)

DU 1 1=3,NP

HIT)Y=2%H{I-1)-H(I-2)

DC 10 M=1,ND

1=0.

DO 5 1=14N

K=NP+][—-1] ,
=24 (Y {KyM)=Y{ T yM)IRH{2¥T )+ (Y{KyM)+Y{I M) )IEH(2%]~-1)
G(M)=,95%7

RETURN

END

SUBROUTINE MOOLEG(TyNLySsLN)
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49

DOUBLE PRECISION T{NL)sSsW
W=0.

DO 10 K=1,NL

LN=K

W=W+T({K)

IF(S.LT.W) GO TO 11

CONT INUE

S=le—(W-S)/T(LN)

RETURN

END

SUBROQUTINE MULT1(XyYsZ+ROyND,NP)

DOUBLE PRECISION X(10,3),Y(1043),2(10,3),R0O
DO 1 M=1,ND

00 1 I=1,NP

ZCLyM)=XTToM)+RORY (T4 M)

RETURN

END

SUBROUTINE MULT2(X+YsZsNDsNP)
DOUBLE PRECISION X(10,3)5Y(10,3)42
1=0.

DO 1 M=1,ND

DO 1 I=14NP

L=Z2+X(1,M)*Y([,M)

RETURN

END

SUBROUTINE MULT3{V,XsY¢NDyNP)
DOUBLE PRECISION VI1042)¢X{1053),Y(1043)421,22
DO S M=1,4ND

L1=X{2,M)

L2=X{NP=14M)

DO 3 [=1,NP
Z1=21+V(11)%X{IsM)
22=12+V{12)%X {4 M)

Y(I M)=X(1IsM)

Y(2,M)=71

Y(NP-1,M)=22

RETURN

END

SUBROUTINE MULT4{AXsYoeNDyNPyNsL)

DOUBLE PRECISION A(59592)9X{1093)eY(10+3),UL{5),U2(5),V1,eV2
DO 99 M=1,ND

DO 49 I=1,4N

K=NP+1-~-1

ULTTD)=X{KsM)=X{TI,M)

U241 )=X{KsM)+X{]I,M)

DO 99 I=1,4N
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19

39

K=NP+1~1]

Vi=0.

v2=0.

DO 79 J=1,N
IF(L.GT.1) GO YO 75
Vi=V1i+A(1,4Jd,1)%ul(J)
V2=V2+A(1,J,2)%U2(J)
GO TC 79
VI=V1+AtJdel,1)2Ul ()
V2=V2+A{J,1,2)%2U21))
CONTINUE
Y{leM)=V2-V1l
Y{KosM)=V2+V]

RETURN

END

SUBROUTINE MULTT7(AyByCoNyNS)

DUOUBLE PRECISION A{S54592)¢B(595:2)9C(595¢2)9D(5:592),1

DO 2 I=1sN

M=N

IF(NS.EQ.2) M=I

DO 2 J=1l,M

DO 2 K=1,2

1=0.

DG 1 L=1,yN
2=2+A(Ls [ +K)%B(LoJeK)
IF(NS.EQ-Z) D(JvI'K)=Z
D{IyJsKI=Z

DO 3 K=1.2

DO 3 1I=1,N

DO 3 J=1.N
ClIoJdeKI=D(14JdsK)
RETURN

END

SUBROUTINE MULTB{AL,A2,ByNP4yNyNS)

DOUBLE PRECISION A1(5+5+2)9A2{59542)9B(10,10)

DO 2 [=1,N

K=NP+1-1]

M=N

IFINS.EQ.2) M=1

DO 2 J=1l4M

L=NP+1-J
BlIoyJ)=AL114J92)+AL(19d0al)
BiKsL)=A2(14J92)¢+A2(1yJy1)
Bi{KyJ)=A1{1ledy2)=Al(I9dsl)
BUIsL)=A2{14d9s2)-A2{19dsl)
IFINS.EQ.1l) GO YO 2
Bllde1)=8B{1,4)
B{LyK)=B{KyoL)
BlJsK)=B(K,yJ)
BlL.I)=B(1sL)
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CONTINUE
RETURN
END

SUBROUTINE MULTO{A4BoCoNPyNyNS)
DOUBLE PRECISION Al(54542)5A2(59592)9A(5454,2),8(10,10),C{10,10)
DO 1 I=1lsN

K=NP+1-1

DO 1 J=1,N

L=NP+]1-J

AL(1,J01)=B{Jdye]l)=BlJ,sK)
Alll9J92)=B(Js]1)4BLJsK)
A2{1,Jy1)=B{LK)=-BIL,])
A2(1:J92)=BlL,K)+B{(L,yI)

CALL MULT7(A,AL,AL)NyNS)

CALL MULTT(AZA2yA2,NgNS)

CALL MULTB(AL,A2,CyNPyN,yNS)
RETURN

END

SUBROUTINE CONSTI(NP.NyNCON)

DOUBLE PRECISION FNPML,,FleyF2,DCOSyDSINyZsAsAABAWUVyCHEByCoDyEHF
DOUBLE PRECISION P(10),Q(10),R(10)
COMMON/CONSL/A(54542) sAA{595+2)9BA(S595¢2)+sU(10,2),VI10,2)yCHEB(10)
COMMON/CONS2/C110,10)4D(10,10),E(10,10),F{10,10)
IF(NCON.GT.0) GO TO 59

NPM1=NP-1

FNPM1=FLOAT(NPML)

DO 1 I=1.NP
2=3,14159265358979323846D0%FLOAT({I~1)/FNPMI
P(I)=DSIN{Z)%%2

CHEB(I)=DSIN{Z/2.)%%*2

IF(I.NELL) QUI)=2.%{-1.)%%1/CHEBI(])
R{1)=DCOS(Z)

QUl)=={le42.%FNPML1%%2)/3,

QINP)=.5%Q{NP)

DO 4 I=1l,4N

00 4 J=loN

IF{I.EQ.d) GO TO 3

I1=1+1ABS(1-J)

Jd=1+J-1

L=4 % (—1)%%{14+J41)/7(P(I1)%P{JI))

IF(1.EQ.l) GO YO 2
BA{LyJol)=Z%{{1.4P{J)/PIII)I*R{T ) EX24+2 ., %R{J)%%2)
BALI+Jy2)=2%RII1)2R(J)X(3.4+PLJ)/P1]))

GO T0O 3

BA(I9J92)=2%(8.+2.%Q{1L)%P(J))I*R{J)
BA(l9yJel)=2%{Ba+2.%(Q(1)-2.)%P(J))

DO 4 K=1,2

L=(2%]-K)%{J-1)

M=L/NPM1

L=L-MENPM]L+1
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35

40

50

59

60

F1=FLOAT (4% {(J+]-K)%*2-1)
F2=FLOAT{4%(J-])*%2~1)
AALLyJyK)==oS/F1l=o5/F2
AlToJdeK)=2,%{=1.)%%MER(L)/FNPM1
1=64 %R {2)/P(2)*%2

DO 5 I=14NP

K=NP+1-1

Utl,1)=Q(I)

IF(T.EQe2) UlIL1)=Q(]I)-1.
VIIsl)={QINPML)*Q(K)-Q(2)*Q(1))/L
IF{1.EQ.2) VIIL1)=Q(2)/2-1.
IF(l1.EQ.NPML) V(I,1)==Q(NPM]1)/2
UlKs2)=Ull,1)

VIK2)=V{I,1)

DO 50 J=1,N

IFtJ.EQ.1) GO TOU 35
BALY9J92)=2%((1e~FNPM1%%2) /3. ~({1la+3.%R(2%J~1))/P(2%J-1))/P(J)
BA(JoJy1)=BA{JeJy2)-B./P(2%J~-1)
GO TO 40

BA(JoJ92) =4, %{4 +FNPMLIX%2K( FNPM1*%2-5,)))/15.
BA(JyJr1)=BA(Jedoe2)~(B.%(1.~FNPM1%%2)})}/3,
A{lsJe2)=a5%A1149J,y2)
A(N9J91)=.5*A(NQJ01)

DO 50 K=1,2
BA{Js1oK)=u5%BA(Jy1lyK)
AldyloK)=a5%A(Js14K)

CALL MULTT(AALZA,AA,N1)

CALL MULT7(AA A AA¢N,2)

CALL MULTB(AA,AA,CoNPyNsy2)

DO 60 I=14NP

DO 60 J=1l,NP

F(I43)=C({1,4J)

CALL MULTI9{BA,FsEsNPosNyl)

CALL MULTO(BAYEIDgNPNy2)

NCON=1

RETURN

END

SUBROUTINE SQROOT(AByXeNeM¢NCPL N14N2yIND)
DOUBLE PRECISION A130+3006)9B13046)sX130+6)¢WeZ+DSQRT
IND=3

NCPLl=N1

NCP3=NCP]

NCP2=N

DO 45 KK=]1,M

IF(KK.EQ.M) NCP2=N2

IF{KK.EQ.1l) GO TO 9

DO 5 J=1l,NCPL

JMl=J~1

X{JeKK)=X{N~-NCPL+JKK=-1)

DG 2 1I=J,NCPL

Al ToJ o KK)=A(N=NCPL+I N~-NCPL+JKK~-1)

DO 5 1=NCPlyNCP2
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2=A(T14JsKK)
IF(J.EQ.1) GO TO 5
D0 4 K=1l,JM]1
Z=Z—A(I'K.KK)*A(J.K,KK)
Al oJsKKI=Z%A(JeJ9KK)
DO 40 J=NCPl,NCP2
JPl=J+1
JMl=J-1
2= AlJyJsKK)
wW=B{J,KK)
IF(J.EQ.NCP3)GO TO 20
DG 10 K=NCP3,JMl1
WaW=A(J Ko KKIEX{KsKK)
10 2=7-A0J 4K KK)¥%2
20 IF(Z.LT.0.) RETURN
AlJyJsKK)= DSQRTI(1.72)
X(JsKK)=W®Al e JeKK)
IF(J.EQ.NCP2) GO TO 43
DG 40 I=JPLlyNCP2
1= All,yJyKK)
IF(J.EQ.NCP3)GO TO 40
DO 30 K=NCP3,JM1
30 Z=21-AL1,KsKK)XRA(JsK¢KK)
40 A(I9JeKK)=Z%A(JyJsKK)
&3 NCP3=1
45 NCP1l=NCPL+1
NCP1=N+1-N2
NCP3=NCP1
NCP2=N
DO 92 KK=14M
KKK=M+1-KK
IF{KK.EQaM} NCP2=N+1-N1
1F(KK.EQ.11GC YO 89
D0 85 J=1,NCPL
85 X(N-NCPL+JoKKK)=X{JrKKK+1)
B89 DO 90 J=NCPlyNCP2
L=N+1-J
JMl=J-1
I= X{LyKKK)
IF(J.EQ.NCP3) GO TO 90
D0 B0 I=NCP3,JMl
K=N+1-1
80 7=Z-A(K L yKKK)EX{K,KKK)
90 X(L,KKK)= Z*A(LyLysKKK)
NCP3=1
92 NCP1=NCPL*1
IND=2
RETURN
END

DU o

SUBROUTINE EPHEM(DyNyV)
DIMENSION VI6),E(6,10)
DATA t /.387099..205627;.12224279.8352647,1.34099,3.885481'.723332
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C1e006793,.059240591.33203,2.28652693.0420191¢9.01672690.40.91.7846
C4341.748089,1.523691,.0933689.0322879.8595577+5.852485+4.516341,5.
€202803,.0484354.022782891.7461059.2387301+4.53490949.538843,.05568
C294043457191.97758841.610319¢4.898639919.181959.0472094.0134924,1.
C28798892.967249¢2.466237430.0577844008575,9030957892.292312,.77272
C6293.786333,39.438719.25023649.2996713,1.917866+3.91233443.170326,
Cl-70.1089407,00’1o7‘?8089/

DATA EPOCH /2436935./

AM=DMUN(.01720242%{D-EPOCH) /E(LsN)%%x1 ., S+E(64yN)-E(54N),6.283185307)

AE=ANM

DO 1 I=1,20

B=AM+E(2,N)*SIN(AE)

IF(ABS{B~AE).LT..000001) GO TO 2

AE=8

AT=2 ., %*ATAN(SQRT{({1.4E(24N))/{1.-E(24N)))*TAN(AE/2.))

P=E{LsN)*(Ll.—E(2yN)*%2)

R=P/{1.+E{2,N)*COS(AT))

RT=6.283185%E(2yN)*SIN(AT)/{R*SQRT(P))

A=6.283185%5QRT{P)/R

U=(E(SyN)=E(44N))+AT

VI1)=R*¥(COS{U)I*COS(E(4yN))-SIN{U)*COS(E(34N))*SIN(E(44N)})

VI2)=R*{COSIUI*SIN{E(4yN)I+SIN(U)*COS{E(3yN))*COS(E({44N)))

VI3)=R*SIN(U)I*SIN(E(34N))

VI4)=RTHV(1)-A*(SIN(U)%COS(E(4yN))+COS{U)*COSIE(3,4,N))*SIN(E(4,4N)))

VIES)=RT®*V(2)-A%{SIN(U)*SIN(E(44N))-COS{U)®COS(E(3 4N} )*COS(E(4yN)))

VI6)=RT*V(3)+Ax(COS(UI*SIN(E(3,N)))

RETURN

END

DOUBLE PRECISION FUNCTION POWER({R)
DOUBLE PRECISION R,DSQRT.AL1,A2

DATA Al,A2 /2.82500 41.825D0 /
[F(R.GT(5.%A2/(4.%A1))%%2) GO TO 1
POWER=(AL/(5.%A2/(4.%A1) )%%4} /5.,
RETURN

POUWER={A1-A2/DSQRT(R))/R*%*2

RETURN

END

DOUBLE PRECISION FUNCTION DPOWER(R)
DOUBLE PRECISION RyDSQRT,A1,A2
DATA Al,A2 /-5.65D0 44.5625D00 /
DPOWER=(AL1+A2/DSQRT(R))/R*%3
IF{DPOWER.GT.0.) DPOWER=O0.

RETURN

END

SUBRCUTINE TCTPRE{(TW,SI)
COMMON/BDYP/BDY(34342)4PV,PC
COMMCN/COUNT/NCOUNT ¢ NCOUNyNLP
COMMON /TIMEQ/ TT
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NDOUBLE PRECISION TT
DIMENSION ST(30)
COMMON/PXXPX/PR(301),TYME(301),,VA(301)
10 IFINCOUNT.EQ.O0) RETURN
11 IF(NCOUNLEQ.NCOUNT)GO TO 950
WRITE(6,4321)
4321 FORMAT(1H1)
NCOUN=NCOUNT
NNN=101
DT= TT/(NNN-1)
DO 1 I=1,NNN
1 PR{I)= PMAP{{I-1)%DT)
CALL RESCAL (PRyTYME,NNN,TAVSTR)
DC 4 I=14NNN
4 VA(I1)= AMAP(TYME(I)*TT)/PMAP(TYME(I)*TT)
T=TT*#TAVSTR
950 CONTINUE
BO=Tw#*31557600./S1
C=51%*65280./31557600.

BOT=BO*T

Cr=C/7

CALL ROOTR{VA,NNN,CT,BOT,ST,LGF)
8 IFILGF) 24243
3 TB=ST(1)*T

DO 199 I=1,30
U=T%365,.25%ST(1])
K=]-2%{1/2)
IF(I.GToeloANDST(I).LT,..000001) ST(I1)=1l.
IF(I.GTaloeANDK.EQel) TB=TB+{(ST{I)=ST(I-1))%T
IF(ST(I)+GT4¢999999) GO TO 200

199 CONTINUE

200 CONTINUE
PC=(TB*(BO*C)*%2)/(1.-BO*TB)
PS=.7121%PC
CALL INVINT(ST,TYME,NNN)
T=T7
RC 201 I=1.+30

201 STUI)= T%*365.25%ST(1I)
CALL OUTTOO(TW.SIsPSyST)
RETURN

2 CUNTINUE

50 WRITE(6,1000)

1000 FORMAT(//4X46HMISSION IMPOSSIBLE EVEN WITH CONTINUOUS THRUST)
ST(L)= 17
$T(2)=0.
CALL OQUTTCOG(TwWeSIyPS,ST)
RETURN
END

SUBROUTINE INVINT{ST,TAU,N)
DIMENSION ST(10),TAU(N)

D0 1 I=1+30.
[F{ST(I).GE.1.) GO TO 1
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TS=ST(I)*(N-1)

NTS=TS

TS=TS-NTS

ST(I)= TAUINTS+1)+TS*{TAUINTS42)-TAU(NTS+1))
CONTINUE

RETURN

END

SUBROUTINE RESCAL{P,TAU.N,SCALE)

DIMENSIUON P{N),TAU(N)
COMMON/PXXPX/PR(301),TYME(301)4VA(301),T7(301),TAUS(301)
DOuBLE PRECISION SuM

SUM=0.

T(l1)=0.

TAUS(1)=0.

TAU(1)=0.

DO 1 I=2¢Ns2

T(I)= FLOAT(I-1)/(N-1)

TUI+1)=FLOAT(I)/ (N-1)

TAUS(I)=SUM+ (5.%P(I-1)48.%P(1)-P{I+1))/4.
SUM=SUM+ P(I-1)+4 *%P(1)+4P(]+1)
TAUS(1+1)=SUM

CONTINUE

J=2

LG 4 I=24N

S=(1-1)%SUM/(N-1)

LU 2 K=]14N

L=J+K-1]

IF(L.EQ.N) GO TO 3

IF(S.LE.TAUS(L)) GO TO 3

CONTINUE

J=L

TAU(T)= T{J-11+((S—TAUS(J~1))/ITAUS(J)-TAUS(J=-1)))I*(T(J}-T(J-1))
SCALE=SUM/ (3%N-3)

RETURN

END

SUBROUTINE ROOTRIAVsNAVsCoyBZoTSWyLGF)
DIMENSION AVINAV),TSW(30)

DATA NSTEP/14/

REAL JV KL9KHyKoJVTEST

LGF=1

AVMAX=AV (1)

JV=AV(]l)%%2

PO 1 [=2,)NAV,2

IF(AVMAX.LT.AVII)) AVMAX=AV(I)
IF(AVMAX.LT.AV(I+1)) AVMAX=AV{I+]l)
JV=JVHL XAV ) %224 2. %AV ([ +1 ) %%2
JV={JV-AV(NAV ) %*%2) /FLOAT(NAV*3-3)
IF{1.-BZ) 2042049
JVTEST=BZ%C*Av{l)

D0 10 I=24NAV,2
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JVTEST=JVTEST+4.%(BZ#C*AV(1)/(1.,~BZ*FLOAT(I-1)/FLOAT(NAV-1)))

C+2,.,%(BZ*CxAV(I+1)/{1.-BZ*FLOAT{I)/FLOATINAV-1)))

JVTEST=(JVTEST-BZ*C*AVINAV)/(1.-BZ))/FLOAT(NAV*3-3)
IF(IV-JVTEST) 20,20,50

KH=AVMAX

KL=KH

KL=KL~.5%KH

JVTEST=JV

CALL KROOT{AV¢NAVyCyBZsKLyJVTEST,TSHW)
IF(JV-JVTEST) 40,30,30

DO 4 I=1,NSTEP

K=0e5%{KH+KL)

JVVEST=JV

CALL KROOT(AVyNAV,CyBLsKyJVTEST,TSW)
TF(JV-JVTEST) 24543

KL=K

GO TC «

KH=K

CONT INUE

CONTINUE

RETURN

CONTINUE

LGF=~1

RETURN

END

SUBROUTINE CUTTOO(TW.SI,JCsT)

DIMENSION A(4)

DATA A/4H*®%%%k , LHER&%k%k , 4HHERk%R o 4GHEkXkk /
DIMENSION T(30)

DUUBLE PRECISION THRUST{10),0FF(10),AT{10),TIME(10O)
DATA THRUST/10%8H THRUST /

DATA AT/10%8H AT /

DATA OFF/ 8H OFF »8H ON s BH OFF ¢ 8H
18H OFF o 8H ON s 8H OFF »8H ON ¢+ BH
28H ON / :

DATA TIME/10%8H TIME /
WRITE{(64200)
WRITE(6,201) TwW
WRITE(64202) SI
WRITE(6,203) JC
J=1
WRITE(645432)
DO 1 I=2,30
IF(TLI)) 24241
J=1

CONTINUE
JiI=(J-1)/710+1
J2=J
J=(J2+J1-1)/7J1
DO 3 KKK=1l,J1
J=(J+1)/2

J= 2%J
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IF(KKK.EQaJdl) U= J2-(Jl-1)%y
WRITE(64301) (THRUSTI(I),1=1,44J)
WRITE(6,4,301) | OFF L)y I=14J)
WRITE{(6,301) AT(I)s1=14J)
WRITE(64,301) { TIME(I)elI=1,J)
WRITE{6,302) (TUD)y I=1,4J)
WRITE(645432)
DC 3 I1=J,29
T(I+1-J)= T(I+1)

3 CONTINUE
WRITE(6,700) AyAyA,AA0A,A
KRITE(694322)
WRITE{643,700) AsAcAgAsAsA A
RETURN

$432 FORMAT(10X/10X)

301 FORMATH{ 4XgABo4aXgABoaXsABy4XoABaXsABoaXsAB 44X ABo4XyABy4XyAB,

14X,A8 )
302 FORMAT( 10F12.3 )
200 FORMAT(// 2Xo 3THPREDICTED CONSTANT THRUST TRAJECTORY )
201 FURMAT{/ 2Xs 25HTHRUST TO WEIGHT RATIQ v F12.9 }
202 FORMAT(/ 2X, LTHSPECIFIC IMPULSE v F12.1 o 6H SEC. )
203 FORMATI(/ 2Xs 24HPERFORMANCE INDEX (J4C) s E16.6 )
4322 FORMAT( 10H )
700 FORMAT(IH ,28A4 )
END

SUBROUTINE KRUOT(AViNAVCoeBZ oK JIsTSW)
DIMENSION AV(NAV),TSW(30)
REAL J!I
REAL Koy JVeML oKLy IGLyMNsKN, IGN
INTEGER T,S87
DO 1 1=1,30
1 TSW(I)=0.

DT=1./FLOAT{NAV~]1)
ST=0
B=B2
JVv=0.
XJI=JI1*1.05
J1=0.
ML=1.
KL=AV{1)—-K
IGL=C*B*AV(1)
IF{KL.GELQ.) GO TO 21
s$T=1
B8=0.

21 CONTINUE
DU 13 T=2,NAYV
IF(ST.GT.29) GO TO 12
[F{B.EQ.QO.) GU TO 2
MN=ML-B%DT
IGN=C*B®AV (T ) /MNk%?
DI=0.5x(IGL+IGN)=DT
KN=AV(T)}/MN-K-{JV+DJ)/C
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IF{KN)By5¢7

B=0.

Jv=J4v+0DJ
JI=JI140.9%( [GL*ML+ IGN®MN)%DT
GO 10 6

CUNTINUE

JI=J140.5%( IGLEML+IGN*MN)*DT
JV=Jv+DJ

GC TG &

ST=S5T+1]

CALL (NTRDN(AV(T“I)'BZ’CvaFLOAT(T-Z)*DT'DTQML'KLv[GLQJV'TSW(SY)
1,41)

B8=0.

GO TC 11

CONTINUE

KN=AV(T)/ML-K~-JV/C
IF{KN)14,3,9

CONTINUE

MN=ML

B=BZ

IGN=C*B%AV (T ) /ML%%2

ST=ST+1 '
TSWIST)=FLOAT(T~-1)/FLOAT(NAV~-])
GO TC 4

ST=ST+]

CALL INTRUP(AV(T=1)¢BZsCoKoFLOAT(T=2)%DToDToMLyKLoIGLyJVyTSWI(ST)
1+J1)

B=BZ

GO TC 11

CONTINUE

ML=MN

IGL=IGN

CONTINUE

KL=KN

GO 10 11

CONTINUE

IF(ML.LT.0}JI=1.E40
IF{XJleLToJI) RETURN

CUNT INUE

CCNTINUE

RETURN

END

SUBROUTINE INTRON(AV,ByCoKoeToDT oML KLy IGLyIVeTSH,J1)
DIMENSION AV1{2)

REAL MNyKN,IGN

REAL ML KLy IGL¢K

REAL JI pJV

MN=ML-B*DT

IGN=C*¥B®AV(2) /MN*&2
KN=AVI{2)/MN-{ ,5%{ IGL+IGN)%DT+JV}/C-K

DIS= KL*DT/{KL-KN)

TSW=T+DTS
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MN=ML-BXDTS
AV2=(AV{1)*(DT-DTS)+AV{2)%DTS) /0T
IGN=C*B*AV2/MN*%2

DJ=0.5*%{ IGL+IGN)*DTS

JV=Jv+DJ
JI=JI+0.5%(IGL*ML+IGN*MN)%#DTS
KL=AV(2)/ML-JV/C-K
[GL=C*E*AV(2)/ML*%%2

ML=MN

IF(KL.GT.0.) KL=0.

RETURN

END

SUBROUTINE INTRUP(AV4BsCyKoT DT MLoKLoIGLsJVeTSWyJ1)
DIMENSION AVI(2)

REAL MNyKN, IGN

REAL MLKL,IGLK

REAL JI s JV

KN=AV(2)/ML-JV/C~K

DTS= KL*¥DT/{KL-KN)
AVI=(AV{1)*(DT-DTS)+AV(2)%DTS) /DT
TSw=T+DTS

DTS=CT-DTS

MN=ML-B*DTS

IGN=C%B*AV]1/ML*%2

ICL=C*B*AV{(2) /MN**%2

JYV=JV+0.5%( IGN+IGL)*DTS
JI=JI+0.5%( IGN®ML+IGL*MN)*DTS

ML =MN

KL=AV(2)/ML-JV/C~K

IF{KLJ.LT,0.) KL=0.

RETURN

END

REAL FUNCTION PMAP(H)

DOUBLE PRECISICN XVsAV oWV TTsT4T2,T3,TP4PI2,5
COMMON/PARAM/NL o NDyNPyNyNPDoNPML ¢yND2¢NPD2yNPDLyNPOWINBL¢NB2yNO
COMMON/TIMEQ/TT,T{6),T2(6):T3(6),TP(6),PI2
COMMON/OUT/XVI30,6)2AVI30:+6)44WVI10,46)

S=H

CALL MODLEG{T NL+SsLN)

CALL PCGLEVLIWV{14LN)3GsSyLlseNP,N)

PMAP=],/G%%2

RETLRN

END

REAL FUNCTION AMAP(H)

DOUBLE PRECISION XVyAV oWV TT,T3T2473,TP4PI2,S
CUMMON/OUT/XV{30+6) AVI3046)+sWVI(10,46)

COMMON/PARAM/NL ¢y NDoNP yN¢NPDsNPM1yND2NPD2,NPD1NPOWNB1 ¢NB2¢NO
COMMON/TIMEQ/TT T (6)4T2(6)4T3(6)sTPLO)WPI12
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DIMENSION G(3)

S=H

CALL MODLEG{TsNLsSsLN)

CALL POLEVL(AV(14LN)oGySyNDyNP,N)
2=0.

DO 15 M=1,ND

L=24G(M)*%2

AMAP=SQRT(Z)

RETURN

END
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